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Abstract
ii
T h e  in t e r a c t i o n  b e tw e e n  t h in  h lm s  o f  s p u t t e r  d e p o s i t e d  c h r o m iu m  a n d  
h y d r o g e n a te d  a m o r p h o u s  s i l i c o n  h a s  b e e n  s tu d ie d .  F o l lo w in g  d e p o s i t io n  o f  th e  
c h r o m iu m  h lm s  a t  r o o m  t e m p e r a t u r e  t h e  h lm s  w e re  a n n e a le d  o v e r  a  r a n g e  o f  
t im e s  a n d  t e m p e r a tu r e s  b e lo w  3 5 0 °  C . I t  w as f o u n d  t h a t  a n  a m o r p h o u s  s i l i c id e  w as  
f o r m e d  o n ly  a  f e w  n a n o m e te r s  t h i c k  w it h  t h e  s q u a r e  o f  th ic k n e s s  p r o p o r t i o n a l  t o  
t h e  a n n e a l in g  t im e .  T h e  a c t i v a t io n  e n e r g y  f o r  t h e  p r o c e s s  w as 0 .5 5 4 :0 .0 5  e V  a n d  
t h e  s i l i c id e  g r o w t h  r a t e  p r e f a c t o r  fra c m ? / s .  T h e  f o r m a t i o n  p r o c e s s  o f  th e
s i l i c id e  w as v e r y  r e p r o d u c ib le  w ith  th e  v a lu e  o f  d e n s i ty  d e r iv e d  f r o m  t h e  th ic k n e s s  
a n d  C r  s u r fa c e  d e n s ity  b e in g  c lo s e  t o  th e  v a lu e  f o r  c r y s ta l l in e  C r S i 2 f o r  a l l  h lm s  
f o r m e d  a t  t e m p e r a tu r e s  < 3 0 0 °  C . T h e  s p e c ih c  r e s is t i v i t y  o f  t h e  a m o r p h o u s  C r S i2 
w as  fra600 p f l . c m  a n d  in d e p e n d e n t  o f  a n n e a l in g  t e m p e r a tu r e .  I t  w as s h o w n  t h a t  
t h e  a - C r S i2 w as p h y s ic a l ly  a n d  c h e m ic a l ly  s ta b le .
W e  h a v e  s h o w n  t h a t  a  S c h o t t k y  b a r r ie r  is  f o r m e d  b e tw e e n  a-CrS^ a n d  a - S i : H  w ith  
a  b a r r ie r  h e ig h t  o f  fra 0 .9  e V  a n d  a n  id e a l i t y  f a c t o r  fra 1 .1 . T h e  c u r r e n t  t r a n s p o r t  
is  c o n t r o l l e d  b y  d i f fu s io n  o r  t h e r m io n i c  e m is s io n  m e c h a n is m  a t  lo w  v o l ta g e s  b u t  
i t  b e c o m e s  s p a c e  c h a r g e  l im i t e d  a t  h ig h e r  v o lta g e s .  A p p ly in g  a  r e v e rs e  o r  f o r w a r d  
b ia s  t o  t h e  C r / a -S i :H  s y s te m  d u r in g  a n n e a l in g  d o e s  n o t  c h a n g e  t h e  p h y s ic a l  a n d  
e le c t r i c a l  p r o p e r t i e s  o f  t h e  in t e r f a c e  a n d  t h e  b e h a v io u r  is  c o n t r o l l e d  o n ly  b y  th e  
h e a t  t r e a t m e n t  h i s t o r y  o f  t h e  s a m p le .
I n  th e  M o / a - S i : H  s y s te m  a  v e r y  t h in  a n d  s ta b le  a m o r p h o u s  M o S i 2 la y e r  is  f o r m e d  
a f t e r  a n n e a l in g  b e lo w  3 0 0 °  C  a n d  th e  f o r m a t i o n  o f  M o S i 2 f o l lo w s  th e  d i f fu s io n  la w . 
T h e  a c t i v a t io n  e n e r g y  o f  s i l i c id a t i o n  is  fra 0 .4  e V  a n d  t h e  p r e f a c t o r  is  fra 10-44 
c m ? / s . T h e  s p e c i f ic  r e s is t i v i t y  o f  a - M o S i 2 is  fra 1 0 0 0  p k l . c m .  I n  t h e  C o / a - S i :H  
th e  c o m p o s i t i o n  o f  t h e  r e s u l t in g  s i l i c id e  is  c lo s e  t o  C o S i  b e lo w  3 0 0 °  C  w ith  a  
r e s is t i v i t y  o f  fra 1 2 0  p C l .c m .  T h e  b a r r ie r  h e ig h t  o f  t h e  M o S i 2 / a - S i :H  a n d  C o S i/ a -  
S i : H  s y s te m s  is  fra 0 .9  e V  a n d  c o n f i r m s  t h a t  t h e  b a r r ie r  h e ig h t  is  c o n t r o l l e d  b y  
in t e r f a c e  s ta te s .
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I n t r o d u c t i o n
1 . 1  B a c k g r o u n d
T h e r e  h a s  b e e n  a  g r o w i n g  i n t e r e s t  i n  h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  a n d  
its r e l a t e d  d e v i c e s  i n  r e c e n t  y e a r s  b e c a u s e  o f  t h e  e a s y  f a b r i c a t i o n  a n d  t h e  a b u n d ­
a n c e  o f  t h e  r a w  m a t e r i a l s  [1]. T h e  p r o p e r t i e s  o f  a - S i : H  a l l o w  it t o  b e  u s e d  i n  
s o l a r  cells a n d  l a r g e  a r e a  m i c r o e l e c t r o n i c s  d e v i c e s  s u c h  a s  p r i n t e r s ,  s c a n n e r s  a n d  
flat p a n e l  l i q u i d  c r y s t a l  d i s p l a y s  ( L C D s )  [2, 3]. A n  i m p o r t a n t  p r o p e r t y  o f  t h i s  
t e c h n o l o g y  is t h e  a b i l i t y  t o  d e p o s i t  a - S i : H  i n e x p e n s i v e l y  a t  l o w  t e m p e r a t u r e s  o v e r  
l a r g e  a r e a s  s u c h  a s  g l a s s  a n d  p l a s t i c  [4].
H y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  t h i n - f i l m  s w i t c h i n g  d e v i c e s  s u c h  a s  t h i n - f i l m  
t r a n s i s t o r s  ( T F T )  [5, 6, 7], o r  r e c t i f y i n g  d i o d e s  [8, 9] h a v e  s h o w n  p r o m i s i n g  c h a r ­
a c t e r i s t i c s  f o r  u s e  i n  l a r g e  a r e a  s w i t c h i n g  a r r a y s  i n  t h e  p a n e l  d i s p l a y s  o r  i m a g e  
s e n s o r s  [10].
S o m e  i m p o r t a n t  d e v i c e s  t h a t  c a n  b e  m a d e  i n  a - S i : H  a r e  S c h o t t k y  d i o d e s ,  p - i - n  
j u n c t i o n s  w i t h  a  h i g h  r e c t i f i c a t i o n  r a t i o  [1 1 ] a n d  c o m p a r a b l e  t r a n s i e n t  r e s p o n s e  
t o  c - S i  p i n  d i o d e s  [1 2 ] , h e t e r o j  u n c t i o n s ,  t h i n  f i l m  t r a n s i s t o r s  a n d  b i p o l a r  t r a n ­
sistors. A m o r p h o u s  s i l i c o n  h a s  a l s o  b e e n  u s e d  i n  t h e  f a b r i c a t i o n  o f  o p t i c a l  d e v i c e s
[3] a n d  m e m o r i e s .  A t t e m p t s  h a v e  b e e n  m a d e  t o  f a b r i c a t e  b i p o l a r  d e v i c e s  u s i n g  
a m o r p h o u s  s i l i c o n  a n d  its a l l o y s  [13, 1 4 ,  1 5] b u t  t h e i r  p e r f o r m a n c e  h a s  y e t  t o  b e  
i m p r o v e d .
T h e  d e v e l o p m e n t  o f  a - S i : H  b a s e d  d e v i c e s  b e c a m e  p o s s i b l e  a f t e r  it w a s  f o u n d  t h a t  
it c o u l d  b e  d e p o s i t e d  w i t h  a  v e r y  l o w  d e n s i t y  o f  l o c a l i z e d  s t a t e s  i n  t h e  m o b i l i t y  
g a p  a n d  its r e s i s t i v i t y  c a n  b e  c h a n g e d  o v e r  a  v e r y  l a r g e  r a n g e  b y  s u b s t i t u t i o n a l
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W h e n  w e  r e f e r  t o  a m o r p h o u s  m a t e r i a l s  it d o e s  n o t  m e a n  t h a t  t h e i r  s t r u c t u r e  is 
c o m p l e t e l y  r a n d o m .  I n  f a c t  i n  t h e  s t r u c t u r e  o f  t h e s e  a m o r p h o u s  m a t e r i a l s  t h e r e  is 
n o  l o n g  r a n g e  o r d e r ,  b u t ,  t h e  n e i g h b o r i n g  a t o m s  a r e  l o c a t e d  i n  a n  a p p r o x i m a t e l y  
d e f i n e d  d i s t a n c e  a n d  a n g l e  f r o m  e a c h  o t h e r  w h i c h  is r e f e r r e d  t o  a s  s h o r t  r a n g e  
( l o c a l )  o r d e r .  It is t h e r e f o r e  t h o u g h t  t h a t  t h e  g e n e r a l  p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  
a r e  s i m i l a r  i n  m a n y  a s p e c t s  t o  t h o s e  o f  t h e i r  c r y s t a l l i n e  c o u n t e r p a r t s  [4].
A  m a j o r  p r o b l e m  i n  t h e  a - S i  b a s e d  d e v i c e s  is t h a t  t h e  s t a b i l i t y  o f  t h e s e  d e v i c e s  
o v e r  w i d e  r a n g e  o f  e l e c t r i c  field, c u r r e n t  d e n s i t y  a n d  t e m p e r a t u r e  is n o t  a s  g o o d  
a s  s i n g l e  c r y s t a l  S i  d e v i c e s  [1 ].
M e t a l l i z a t i o n  is a n  i m p o r t a n t  s t e p  i n  i n t e g r a t e d  c i r c u i t s  b e c a u s e  it n e e d s  t o  s a t ­
isfy t h e  r e q u i r e m e n t s  f o r  a  r e p r o d u c i b l e  c o n t a c t  w h i c h  m i g h t  a c t  a s  a  b a r r i e r  a t  
t h e  m e t a l - s e m i c o n d u c t o r  i n t e r f a c e  o r  a s  a  l o w - r e s i s t a n c e  c o n t a c t  w i t h  n o  v o l t a g e  
d r o p  a c r o s s  it [17, 18]. W h e n e v e r  a  m e t a l  is u s e d  o n  silicon, a  s ilicide-silicon 
i n t e r f a c e  is u s u a l l y  f o r m e d  b e t w e e n  t h e  m e t a l  a n d  t h e  s i l i c o n  i n t e r f a c e  s i n c e  S i  
f o r m s  silicide w i t h  m o s t  m e t a l s  e v e n  a t  t e m p e r a t u r e s  b e l o w  2 0 0 ° C  [19, 20]. It is 
t h e r e f o r e  t h e  s ilicide-silicon i n t e r f a c e  t h a t  r e s u l t s  i n  a  r e c t i f y i n g  b a r r i e r  o r  m a k e s  
a n  o h m i c  c o n t a c t  t o  Si. T h e  u s e  o f  a  silicide a s  a  b a r r i e r  o r  c o n t a c t  l a y e r  o n  S i  
h a s  a t t r a c t e d  a  w i d e  r a n g e  o f  s t u d i e s  o n  p r o p e r t i e s  o f  silicides a n d  i n  p a r t i c u l a r  
t h e i r  f o r m a t i o n  a n d  g r o w t h  k i n e t i c s  [20].
S e l f - a l i g n e d  silicides ( s a l i c i d e s )  h a v e  e f f e c t i v e  a p p l i c a t i o n s  i n  T F T  t e c h n o l o g y  a n d  
c a n  d e c r e a s e  t h e  p a r a s i t i c  effects, t h e  s e r i e s  r e s i s t a n c e  o f  s o u r c e - d r a i n  r e g i o n  a n d  
t h e  c o n t a c t  r e s i s t a n c e  [2 1 ]. I n  t h e  s e l f - a l i g n m e n t  t e c h n o l o g y ,  t h e  g a t e  e l e c t r o d e  
is p a t t e r n e d  a n d  t h e  s u b s e q u e n t  p r o c e s s e s  s u c h  a s  silicide f o r m a t i o n  f o r  s o u r c e  
a n d  d r a i n  e l e c t r o d e s  a n d  e t c h i n g s  a r e  s e l e c t i v e l y  a l i g n e d  w i t h  t h e  g a t e  e l e c t r o d e .  
T h i s  r e s u l t s  i n  t h e  r e d u c t i o n  o f  g a t e - s o u r c e  e l e c t r o d e s  o v e r l a p  l e n g t h  a n d  t h e  
g a t e - s o u r c e  c a p a c i t a n c e .  T h i s  p r o c e s s  h a s  b e e n  s u c c e s s f u l l y  u s e d  i n  f a b r i c a t i o n
doping [16].
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o f  f u l l y  s e l f - a l i g n e d  a-Si:I4 T F T s  [22, 23].
B e c a u s e  o f  t h e i r  g o o d  c o n t a c t i n g  p r o p e r t i e s  w i t h  e x c e l l e n t  e l e c t r i c a l  s t a b i l i t y  a n d  
c h e m i c a l  s e l e c t i v i t y  t h e  p r o p e r t i e s  a n d  k i n e t i c s  o f  silicides f o r m e d  i n  s i n g l e  c r y s t a l  
s i l i c o n  h a v e  b e e n  s t u d i e d  e x t e n s i v e l y  i n  t h e  p a s t  [21, 24] a n d  s i l i c i d a t i o n  h a s  b e ­
c o m e  a n  e s s e n t i a l  t e c h n o l o g y  i n  a d v a n c e d  i n t e g r a t e d  circuits. F a r  less is k n o w n ,  
h o w e v e r ,  a b o u t  t h e  p r o p e r t i e s  o f  silicides f o r m e d  i n  h y d r o g e n a t e d  a m o r p h o u s  
s i l i c o n  d e s p i t e  t h e  f a c t  t h a t  silicide is w i d e l y  u s e d  i n  d e v e l o p i n g  u s e f u l  a n d  i m ­
p o r t a n t  d e v i c e s  [1, 2 5 ,  2 6 ,  2 7 ]  a n d  i n  c o n t a c t i n g  t e c h n o l o g i e s  f o r  t h e  t h i n - f i l m  
t r a n s i s t o r s  n e e d e d  i n  a d v a n c e d  a c t i v e  m a t r i x  l i q u i d  c r y s t a l  d i s p l a y s  [22]. C o m ­
m o n  c o n t a c t i n g  m a t e r i a l s  a r e  c h r o m i u m ,  m o l y b d e n u m  [28] a n d  t u n g s t e n  b e c a u s e  
o f  t h e i r  m e c h a n i c a l  a n d  c h e m i c a l  p r o p e r t i e s  w h i c h  m a k e  t h e m  s u i t a b l e  f o r  l a r g e  
a r e a  t e c h n o l o g i e s  o n  g l a s s  [29]. I n  g e n e r a l ,  t h e  u n d e r s t a n d i n g  o f  t h e  f o r m a t i o n  
p r o c e s s  a n d  p r o p e r t i e s  o f  silicides i n  a - S i  is m u c h  less d e v e l o p e d  t h a n  t h a t  o f  t h e  
p r o p e r t i e s  o f  t h e  d e v i c e s  t h e m s e l v e s .
C h r o m i u m  d i s ilicide o n  c - S i  h a s  g o o d  h i g h  t e m p e r a t u r e  s t a b i l i t y  a n d  s e m i c o n ­
d u c t i n g  p r o p e r t i e s  a n d  is u s e d  i n  S c h o t t k y  b a r r i e r  s o l a r  cell t e c h n o l o g y  a n d  a s  a  
t h i n  f i l m  r e s i s t o r  i n  i n t e g r a t e d  c i r c u i t  t e c h n o l o g y .  It c a n  b e  u s e d  i n  s i l i c o n  b a s e d  
i n f r a r e d  t e c h n o l o g y  b e c a u s e  o f  its s m a l l  b a n d  g a p  [30]. T h e  f a c t  t h a t  c h r o m i u m  
h a s  b e e n  s o  s u c c e s s f u l  i n  c - S i  t e c h n o l o g y  a n d  is u s e d  i n  l a r g e  a r e a  t e c h n o l o g y  
m a k e s  it i m p o r t a n t  t h a t  w e  u n d e r s t a n d  h o w  it g r o w s  a n d  its p r o p e r t i e s  i n  t h e  
c o n t e x t  o f  e l e c t r o n i c  a n d  o p t o - e l e c t r o n i c  d e v i c e s  b a s e d  o n  a - S i : H  [31]. I n  p a r t i c ­
u l a r ,  a  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  p r o p e r t i e s  o f  silicides o n  a m o r p h o u s  s i l i c o n  
s h a l l  e n a b l e  t h e i r  a p p l i c a t i o n  t o  b e  o p t i m i s e d  a n d  p e r h a p s  l e a d  t o  n e w  d e v i c e s  o r  
p r o c e s s e s .  A n  e x a m p l e  o f  t h i s  h a s  b e e n  t h e  r e c e n t  m e a s u r e m e n t  o f  h o t - e l e c t r o n  
g a i n  a c r o s s  a  v e r y  t h i n  c h r o m i u m  silicide b a s e  [32].
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1.2 The structure of the thesis
T h i s  t h e s i s  c o n s i s t s  o f  8 c h a p t e r s  i n c l u d i n g  t h i s  i n t r o d u c t o r y  o n e .  I n  
c h a p t e r  2 a  r e v i e w  o f  t h e  r e l e v a n t  l i t e r a t u r e  is p r e s e n t e d  w h i c h  is n e c e s s a r y  i n  
u n d e r s t a n d i n g  t h e  p h y s i c a l  a n d  e l e c t r i c a l  p h e n o m e n a  t a k i n g  p l a c e  a t  t h e  i n t e r f a c e  
o f  m e t a l / a - S i : H  a n d  t h e  i n t e r p r e t a t i o n  o f  t h e  r esults.
I n  c h a p t e r  3  t h e  e x p e r i m e n t a l  m e t h o d s  u s e d  i n  t h e  p r e p a r a t i o n  o f  t h e  s a m p l e s  a r e  
p r e s e n t e d  a n d  t h e  t e c h n i q u e s  u s e d  i n  a n a l y s i n g  t h e  i n t e r f a c e  a r e  b r i e f l y  d i s c u s s e d .  
T h e  t e c h n i q u e s  c o m p l e m e n t  e a c h  o t h e r  t o  o b t a i n  r e l i a b l e  a n d  a c c u r a t e  results. 
I n  c h a p t e r  4  t h e  r e s u l t s  o f  e l e c t r i c a l  m e a s u r e m e n t s  o n  t h e  C r / a - S i : H  i n t e r f a c e  a r e  
r e p o r t e d .  I n  p a r t i c u l a r  t h e  e ffect o f  a n n e a l i n g  t i m e  a n d  t e m p e r a t u r e  o n  t h e  p r o p ­
e r t i e s  o f  t h e  i n t e r l a y e r  a r e  p r e s e n t e d  i n  de t a i l .  A l s o  t h e  s t a b i l i t y  o f  t h e  silicide is 
d i s c u s s e d  i n  t h i s  c h a p t e r .
C h a p t e r  5  is d e v o t e d  t o  a  d e t a i l e d  d i s c u s s i o n  r e g a r d i n g  t h e  c o m p o s i t i o n ,  s t r u c t u r e  
a n d  g r o w t h  k i n e t i c s  o f  t h e  silicide l a y e r  a n d  a  m o d e l  f o r  t h e  g r o w t h  o f  silicide 
is i n t r o d u c e d .  It w i l l  b e  s h o w n  t h a t  t h e  C r / a - S i : H  i n t e r l a y e r  is a m o r p h o u s  i n  
s t r u c t u r e  a n d  its c o m p o s i t i o n  is c l o s e  t o  C r S i 2 -
T h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  a - C r S i 2 a r e  i n v e s t i g a t e d  i n  c h a p t e r  6 a n d  t h e  
m e c h a n i s m s  i n v o l v e d  i n  t h e  c u r r e n t  c o n d u c t i o n  t h r o u g h  a - C r S i 2/ a - S i : H  S c h o t t k y  
b a r r i e r s  w i l l  b e  d i s c u s s e d .
A t t e m p t s  h a v e  b e e n  m a d e  t o  f i n d  o t h e r  s u i t a b l e  silicides w i t h  a p p r o p r i a t e  p r o p e r ­
ties f o r  l a r g e  a r e a  e l e c t r o n i c s .  S o m e  w o r k  h a s  b e e n  c a r r i e d  o u t  u s i n g  m o l y b d e n u m  
o r  c o b a l t  b e c a u s e  a  m o l y b d e n u m / h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  c o n t a c t  h a s  
s h o w n  g o o d  c o m p a t i b i l i t y  w i t h  t e c h n o l o g i e s  f o r  a c t i v e  m a t r i x  d i s p l a y s  [9] a n d  C o  
d i s ilicide h a s  t h e  l o w e s t  r e s i s t i v i t y  a m o n g  t h e  silicides [33]. T h e  p h y s i c a l  a n d  e l e c ­
t rical b e h a v i o u r  o f  t h e  M o /  a n d  C o / - S i : H  s y s t e m s  w i l l  b e  d i s c u s s e d  i n  c h a p t e r  7
4
t o g e t h e r  w i t h  a  c o m p a r i s o n  w i t h  t h e  C r / a ~ S i : H  s y s t e m .  F i n a l l y ,  s o m e  c o n c l u d i n g  
r e m a r k s  a n d  s u g g e s t e d  s u b s e q u e n t  w o r k  a r e  o u t l i n e d  i n  c h a p t e r  8.
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C h a p t e r  2
L i t e r a t u r e  R e v i e w
2 . 1  I n t r o d u c t i o n
H y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  ( a - S i : H )  is a  r e l a t i v e l y  n e w  m a t e r i a l  i n  
t h e  field o f  s o l i d  s t a t e  e l e c t r o n i c s  a n d  h a s  s e v e r a l  p r o p e r t i e s  t h a t  a r e  u s e f u l  f o r  
l a r g e  a r e a  d e v i c e s  a n d  t e c h n o l o g y  a p p l i c a t i o n s  [34]. It c a n  b e  d e p o s i t e d  u n i f o r m l y  
o v e r  a  l a r g e  a r e a  w i t h  l o w  c o s t ,  w h i c h  is a  u n i q u e  a d v a n t a g e  o f  t h i s  m a t e r i a l  c o m ­
p a r e d  w i t h  c r y s t a l l i n e  silicon. H y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  f i l m s  a r e  u s u a l l y  
g r o w n  o n  i n e x p e n s i v e  l a r g e  a r e a  s u b s t r a t e s ,  s u c h  a s  gl a s s ,  a t  l o w  t e m p e r a t u r e s ,  
2 0 0 - 3 0 0 ° C .  T h e  t e m p e r a t u r e  o f  h e a t  t r e a t m e n t  p r o c e d u r e s  t o  h e l p  r e d u c e  d e ­
f e c t  d e n s i t i e s  i n  t h e  e n e r g y  b a n d  s t r u c t u r e  a n d  h e n c e  i m p r o v e  t h e  b e h a v i o u r  o f  
d e v i c e s ,  is b e l o w  3 5 0 ° C .  T h e  c o n t e n t  o f  a b o u t  1 0  a t %  h y d r o g e n  is n e e d e d  t o  g i v e  
g o o d  e l e c t r i c a l  p e r f o r m a n c e  i n  e l e c t r o n i c  d e v i c e s  [35, 36]. O n  t h e  o t h e r  h a n d ,  t h e  
s t a b i l i t y  o f  t h i s  m a t e r i a l  is n o t  a s  g o o d  a s  its c r y s t a l l i n e  c o u n t e r p a r t  a n d  d e v i c e  
p e r f o r m a n c e  is n o t  a s  p r e d i c t a b l e  a s  c r y s t a l l i n e  s i l i c o n  [4, 35].
T h e r e  a r e  f u n d a m e n t a l  p r o b l e m s  w h e n  o p e r a t i n g  m i n o r i t y  c a r r i e r  d e v i c e s  s u c h  a s  
b i p o l a r  t r a n s i s t o r s  i n  a m o r p h o u s  silicon, b e c a u s e  t h e  m i n o r i t y  c a r r i e r  d i f f u s i o n  
l e n g t h  is v e r y  s m a l l  a n d  d o p e d  l a y e r s  a r e  d e f e c t i v e  a n d  resistive. S o m e  a m o r p h ­
o u s  b i p o l a r  t r a n s i s t o r s  h a v e  b e e n  d e v e l o p e d ,  h o w e v e r  t h e i r  p e r f o r m a n c e  is p o o r
[13].
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2.2 Electronic properties of a-Si:H
2 . 2 . 1  D e n s i t y  o f  s t a t e s :  B a n d  t a i l s  a n d  l o c a l i z e d  s t a t e s
It h a s  b e e n  s h o w n  t h a t  t h e  g e n e r a l  s h a p e  o f  t h e  b a n d  s t r u c t u r e  o f  a n  
a m o r p h o u s  s e m i c o n d u c t o r  is d e t e r m i n e d  b y  t h e  s h o r t  r a n g e  o r d e r  o f  t h e  b o n d i n g ,  
w h i c h  is s i m i l a r  t o  c r y s t a l l i n e  m a t e r i a l s ,  w h i l e  t h e  d i s o r d e r  c a u s e s  s o m e  b r o a d ­
e n i n g  a n d  m i x i n g  o f  t h e  e l e c t r o n i c  s t a t e s  w h i c h  r e s u l t s  i n  l o c a l i z e d  s t a t e s  i n  
b a n d  tails. B a n d  tails p l a y  t h e  m o s t  i m p o r t a n t  r o l e  i n  t h e  e l e c t r o n i c  p r o p e r t i e s  
o f  a - S i : H ,  b e c a u s e  e l e c t r o n  t r a n s p o r t  u s u a l l y  o c c u r s  a t  t h e  b a n d  e d g e  [4]. T h e  
b r o a d  tail o f  s t a t e s  o f  a m o r p h o u s  m a t e r i a l s  o r i g i n a t e s  f r o m  t h e  d e v i a t i o n  o f  t h e  
b o n d  l e n g t h  a n d  a n g l e  a r i s i n g  f r o m  t h e  l o n g  r a n g e  d i s o r d e r  [4]. T h e  d i s o r d e r  o f  
a n  a m o r p h o u s  m a t e r i a l  is n o t  s u f f i c i e n t  t o  l o c a l i s e  all t h e  s t a t e s ,  h o w e v e r ,  s o m e  
s t a t e s  a r e  l o c a l i z e d  a n d  lie i n s i d e  t h e  b a n d  e d g e s .  T h e  e x t e n d e d  a n d  l o c a l i z e d  
s t a t e s  a r e  s e p a r a t e d  b y  a  m o b i l i t y  e d g e  f o r  e l e c t r o n s  a t  e n e r g y  E c  [37]. A t  z e r o  
t e m p e r a t u r e  o n l y  e l e c t r o n s  a b o v e  E c  a r e  m o b i l e  a n d  c o n t r i b u t e  t o  t h e  c o n d u c t i o n
[4]. I n  f i g u r e  2 . 1  m a i n  f e a t u r e s  o f  t h e  b a n d  s t r u c t u r e  o f  a m o r p h o u s  s e m i c o n d u c t ­
o r s  a r e  s h o w n  [35, 37]. I n  t h i s  f i g u r e  t h e  m o b i l i t y  e d g e  f o r  h o l e s  ( E v ) is a l s o  
s h o w n .
A l t h o u g h  it is u s u a l l y  a c c e p t e d  t h a t  t h e r e  is a  r e l a t i o n s h i p  b e t w e e n  c o n c e n t r a ­
t i o n  o f  s i l i c o n  d a n g l i n g  b o n d s  a n d  t h e  s t r e n g t h  o f  t h e  b a n d  tails, s o m e  r e p o r t s  
s u g g e s t  t h a t  t h e  d e f e c t s  ( s i l i c o n  d a n g l i n g  b o n d s  a n d  c o o r d i n a t i o n  d e f e c t s )  t h a t  
c a u s e  d e e p  s t a t e s  i n  t h e  g a p  h a v e  n o  e ffect o n  t h e  s t r e n g t h  o f  b a n d  tails, a n d  t h e  
b a n d  tail d e n s i t y  o f  s t a t e s  c a n  b e  v a r i e d  i n d e p e n d e n t  o f  t h e  d e n s i t y  o f  m i d  g a p  
d e f e c t s  [38]. P a r t i c u l a r l y ,  it is p o s s i b l e  t o  i n c r e a s e  t h e  n u m b e r  o f  s i l i c o n  d a n g l i n g  
b o n d s  b y  i o n  b o m b a r d m e n t  w i t h o u t  a f f e c t i n g  tail s t a t e s .  T h e  b a n d  tail e x t e n d s  
o v e r  0 . 2  t o  0 . 4 5  e V  n e a r  t h e  m o b i l i t y  e d g e s  i n t o  t h e  f o r b i d d e n  g a p  a n d  c a n  b e  
a t t r i b u t e d  t o  S i - H  a n t i - b o n d i n g  s t a t e s  i n s i d e  t h e  g a p  [39].
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S t r u c t u r a l  a n d  e l e c t r i c a l  s t a b i l i t y  is a  r e q u i r e m e n t  f o r  u s e f u l  p e r f o r m a n c e  
o f  a m o r p h o u s  s i l i c o n  [40]. S t a b i l i t y  is a s s o c i a t e d  w i t h  t h e  c h a n g e s  i n  b o n d i n g  
c o n f i g u r a t i o n s  o f  a  m a t e r i a l  u n d e r  t h e  p r o l o n g e d  o r  r e p e a t e d  e l e c t r o n i c  e x c i t a ­
t i o n  g e n e r a l l y  e n c o u n t e r e d  i n  o p e r a t i n g  d e v i c e s .  W h e n  a  s y s t e m  h a s  b e e n  e x c i t e d  
b u t  c a n n o t  r e t u r n  t o  its e q u i l i b r i u m  s t a t e  w i t h o u t  o v e r c o m i n g  a n  e n e r g y  b a r r i e r ,  
t h e  s y s t e m  is c a l l e d  m e t a s t a b l e .
A  c o m m o n  t r a n s i t i o n  t o  a  m e t a s t a b l e  s t a t e  o c c u r s  b y  l i g h t  i n d u c e d  r e v e r s i b l e  
d e g r a d a t i o n  o f  a m o r p h o u s  s i l i c o n  [41, 42], A m o r p h o u s  s i l i c o n  c o n t a i n s  a  l a r g e  
d e n s i t y  o f  d e e p  s t a t e s .  T h e  p r e s e n c e  o f  h y d r o g e n  a t o m s  i n  a - S i  r e s u l t s  i n  t h e  c o m -
2.2.2 Metastability
F i g .  2.1. b a n d  tails, d e f e c t s  a n d  m o b i l i t y  e d g e s  i n  a m o r p h o u s  s e m i c o n d u c t o r s .  
R e d r a w n  f r o m  [35] a n d  [37]
p e n s a t i o n  o f  d a n g l i n g  b o n d s ,  h o w e v e r ,  t h e  r e o r i e n t a t i o n  o f  t h e  n e t w o r k  c a u s e d  
b y  t h e  h y d r o g e n  a t o m s  c o u l d  h a v e  a  l a r g e  i n f l u e n c e  o n  t h e  e f f e c t i v e  d e n s i t y  o f
g a p  s t a t e s  [43] b u t  t h i s  c a n n o t  o c c u r  w i t h  s u p p l y i n g  t h e r m a l  e n e r g y .  T h e r e f o r e  
a - S i : H  is i n  a  m e t a s t a b l e  s t a t e  w h i c h  r e t u r n s  t o  its o r i g i n a l  s t a t e  a f t e r  a n n e a l i n g  
a t  a  s u f f i c i e n t l y  h i g h  t e m p e r a t u r e  ( «  200° C ) .
It is w i d e l y  b e l i e v e d  t h a t  m a n y  o f  t h e  m e t a s t a b i l i t y  effects i n  a m o r p h o u s  s i l i c o n  
a r e  u l t i m a t e l y  r e l a t e d  t o  t h e  p r e s e n c e  o f  h y d r o g e n  b e c a u s e  h y d r o g e n  i n t r o d u c e s  
a d d i t i o n a l  s t r u c t u r a l  c o m p o n e n t s  a n d  h a s  a  h i g h  l a t t i c e  m o b i l i t y  a t  r o o m  t e m ­
p e r a t u r e  a n d  a b o v e  [40].
T h e r e  a r e  i m p o r t a n t  p a r a m e t e r s  r e s p o n s i b l e  f o r  c r e a t i n g  m e t a s t a b i l i t y  i n  a m o r p h ­
o u s  s i l i c o n  i n c l u d i n g  i r r a d i a t i o n ,  e l e c t r i c  fields a n d  t h e r m a l  e x c i t a t i o n  [40]. T h e  
p r i n c i p a l  m e t a s t a b l e  d e f e c t s  p r o d u c e d  b y  i r r a d i a t i o n  i n  u n d o p e d  a - S i : H  a r e  isol­
a t e d  d a n g l i n g  b o n d s .  M e t a s t a b l e  d a n g l i n g  b o n d s  a r e  m a i n l y  p r o d u c e d  b y  b r e a k ­
i n g  o f  w e a k  S i - S i  b o n d s  o r  b y  c h a r g e  i n d u c e d  s t r u c t u r a l  r e l a x a t i o n  o f  p r e - e x i s t i n g  
d e f e c t s .  B o n d e d  h y d r o g e n ,  o n  t h e  o t h e r  h a n d ,  m a y  b e  i n d i r e c t l y  i n v o l v e d  i n  t h e  
f o r m a t i o n  o f  m e t a s t a b l e  d e f e c t s  a s  a  c a t a l y z i n g  o r  s t a b i l i s i n g  c o m p o n e n t .  I m p u r ­
i ty a t o m s  a r e  n o t  n e c e s s a r i l y  i n v o l v e d  i n  t h e  m e t a s t a b l e  d e f e c t s  s i n c e  t h e  e x i s t e n c e  
o f  m e t a s t a b l e  d a n g l i n g  b o n d s  is a n  i n t r i n s i c  p r o p e r t y  o f  a - S i : H  [40].
T h e  c r e a t i o n  o f  m e t a s t a b l e  d e f e c t s  b y  p r o l o n g e d  i l l u m i n a t i o n  g i v e s  rise t o  a  d e ­
c r e a s e  i n  t h e  p h o t o c o n d u c t i v i t y  o f  h i g h  q u a l i t y  a - S i : H  b y  a b o u t  o n e  o r d e r  o f  
m a g n i t u d e .  O n  t h e  o t h e r  h a n d  t h e  d a r k  c o n d u c t i v i t y  a f t e r  i l l u m i n a t i o n  is f o u r  
o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  t h a t  b e f o r e  i l l u m i n a t i o n .  T h e  m a t e r i a l  is s t a b l e  
a t  r o o m  t e m p e r a t u r e  a f t e r  r e m o v i n g  t h e  i l l u m i n a t i o n .  T h e  initial s t a t e  c a n  b e  
r e s t o r e d  b y  a n n e a l i n g  a b o v e  1 5 0 ° C .  F i g u r e  2.2 s h o w s  t h a t  c r e a t i n g  d a m a g e  b y  
i l l u m i n a t i o n  c a u s e s  t h e  c o n d u c t i v i t y  t o  c h a n g e  b e c a u s e  t h e  a c t i v a t i o n  e n e r g y  h a s  
c h a n g e d  f r o m  0 . 5 7  t o  0 . 8 7  e V  d u e  t o  t h e  g e n e r a t i o n  o f  si l i c o n  d a n g l i n g  b o n d  d e ­
fects. A f t e r  a n n e a l i n g  a t  > 1 5 0 ° C  t h e  c o n d u c t i v i t y  i n c r e a s e s  s h o w i n g  a  r e d u c t i o n  
i n  d e f e c t  d e n s i t y  [43]. T h e  m e c h a n i s m  r e s p o n s i b l e  f o r  d a n g l i n g  b o n d  f o r m a t i o n  
is b r e a k i n g  o f  w e a k  S i - S i  b o n d s  b y  l i g h t  f o l l o w e d  b y  d i f f u s i o n  o f  h y d r o g e n  a t o m s
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i n t o  t h e  b r o k e n  b o n d s ,  w h i c h  r e s u l t s  i n  t h e  c r e a t i o n  o f  m e t a s t a b l e  d a n g l i n g  b o n d s  
i n  t h e  a - S i : H  n e t w o r k .  T h e  i n t r o d u c t i o n  o f  n e w  g a p  s t a t e s  c a n  r e s u l t  i n  s h o r t e r
F i g .  2.2. C o n d u c t i v i t y  o f  a - S i : H  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  C u r v e  A  is t h e  
s t a b l e  s t a t e  a n d  B  is t h e  m e t a s t a b l e  s t a t e  c r e a t e d  b y  i l l u m i n a t i o n  [43].
e l e c t r o n  l i f e t i m e  [44] a n d  m a y  a l s o  m o v e  t h e  F e r m i  level a w a y  f r o m  t h e  m o b i l ­
i ty e d g e  f o r  e l e c t r o n s  w h i c h  l e a d s  t o  a  h i g h e r  a c t i v a t i o n  e n e r g y  f o r  c o n d u c t i v i t y .  
T h e s e  e f f ects m a y  b e  t h e  r e a s o n s  f o r  t h e  l o w e r i n g  o f  p h o t o c o n d u c t i v i t y  [43].
T h e  m a i n  m e t a s t a b l e  d e f e c t  s t a t e  p r o d u c e d  b y  i r r a d i a t i o n  i n  a - S i : H  is t h e  S i  
d a n g l i n g  b o n d  w h i c h  f o r m s  d e e p  d e f e c t  s t a t e s  c l o s e  t o  t h e  m i d g a p  o f  t h e  a m o r p h ­
o u s  silicon. T h e  d e f e c t  d e n s i t y  i n  a - S i : H  d e c r e a s e s  w i t h  i n c r e a s i n g  a n n e a l i n g  
t e m p e r a t u r e  u p t o  »  3 0 0 ° C .  A b o v e  5^  3 0 0 °  C  t h e r e  is a n  i n c r e a s e  i n  d e f e c t  d e n s i t y  
a n d  t h e  h y d r o g e n  a t o m s  m i g r a t e  i r r e v e r s i b l y  f r o m  t h e  f i l m  [40].
E l e c t r i c  fields i n d u c e  i o n i c  a n d  e l e c t r o n i c  t r a n s p o r t  i n  t h e  film. It h a s  b e e n  s h o w n  
t h a t  t h e  i n j e c t i o n  o f  h o l e s  i n t o  i n t r i n s i c  a - S i : H  b y  a n  e l e c t r i c  field r e s u l t s  i n  t h e  
c r e a t i o n  o f  a  l a r g e  n u m b e r  o f  m e t a s t a b l e  d a n g l i n g  b o n d s .  E l e c t r o n  i n j e c t i o n ,  o n
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t h e  o t h e r  h a n d ,  h a s  a  m u c h  s m a l l e r  ef f e c t  o n  t h e  c r e a t i o n  o f  d a n g l i n g  b o n d s .  
T h e r e f o r e ,  it m a y  b e  c o n c l u d e d  t h a t  t h e  t r a p p i n g  o f  h o l e s  i n  t h e  v a l e n c e  b a n d  
tail is m u c h  m o r e  i m p o r t a n t  f o r  t h e  c r e a t i o n  o f  m e t a s t a b l e  d e f e c t s  i n  a - S i : H  t h a n  
t h e  e l e c t r o n  t r a p p i n g  i n  t h e  c o n d u c t i o n  b a n d  tail [40].
T h e r m a l  e x c i t a t i o n  m a y  a l s o  i n d u c e  m e t a s t a b l e  s t a t e s .  If a  s y s t e m  is r a p i d l y  
q u e n c h e d  t o  a  l o w e r  t e m p e r a t u r e ,  a  l a r g e  p o r t i o n  o f  t h e  s y s t e m  w i l l  b e  f r o z e n  
i n t o  a  m e t a s t a b l e  s t a t e  w i t h  N m e t / N s t  >  N m e t / N s t \ e q u i H b r i u m  w h e r e  t h e  left 
h a n d  s i d e  o f  t h e  e q u a t i o n  is t h e  a c t u a l  r a t i o  o f  t h e  m e t a s t a b l e  t o  s t a b l e  s t a t e s  
a f t e r  r a p i d  q u e n c h i n g  t o  t e m p e r a t u r e  T  a n d  t h e  r i g h t  h a n d  s i d e  is t h e  r a t i o  
if t h e  s y s t e m  is a t  e q u i l i b r i u m  a t  T  a f t e r  a  s l o w  d e c r e a s i n g  o f  t e m p e r a t u r e  
[40]. { N m e t / N s t \ e q u i l i b r i u m  e x p [ — A . E / k T ]  w h e i e  A E  is t h e  e n e r g y  differ­
e n c e  b e t w e e n  t h e  s t a b l e  a n d  t h e  m e t a s t a b l e  s t a t e ) .
2 . 2 . 3  D e f e c t  s t a t e s
D e f e c t s  i n  t h e  a - S i : H  s t r u c t u r e  s t r o n g l y  i n f l u e n c e  t h e  p r o p e r t i e s  a n d  p e r ­
f o r m a n c e  o f  t h e  m a t e r i a l .  C o m p a r e d  w i t h  a  c r y s t a l ,  d e f e c t s  a r e  n o t  w e l l  d e f i n e d  
i n  a m o r p h o u s  m a t e r i a l s .  I n  a  c r y s t a l ,  a n y  d e v i a t i o n  f r o m  t h e  c r y s t a l  l a t t i c e  is a  
d e f e c t .  T h e  a t o m i c  n e t w o r k  o f  a - S i : H  is r a n d o m  a n d  t h e r e f o r e  its b e h a v i o u r  is 
v e r y  d i f f e r e n t  f r o m  a  c r y s t a l l i n e  m a t e r i a l .  T h e  o n l y  c e r t a i n t y  is t h a t  i n  a n  i d e a l  
h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  n e t w o r k  all t h e  b o n d s  a r e  satisfied, i.e., e a c h  
s i l i c o n  a t o m  is a  f o u r - f o l d  a n d  e a c h  h y d r o g e n  a t o m  is a  s i n g l y  c o o r d i n a t e d  b o n d .  
A n y  d e p a r t u r e  f r o m  t h i s  i d e a l  n e t w o r k  l e a d s  t o  a  d e f e c t .  A  c o o r d i n a t i o n  d e f e c t  
is a n  o b v i o u s  r e a s o n  f o r  a  d e f e c t  s t a t e .  T h e  e n e r g y  le v e l  o f  d e f e c t  s t a t e s  i n  a - S i : H  
a r e  b r o a d e r  t h a n  t h o s e  o f  c-Si. T h e  d i s o r d e r  l e a d s  t o  a  b r o a d e n i n g  o f  e n e r g y  l evels  
f o r  a  g i v e n  d e f e c t  c o m p a r e d  t o  c r y s t a l l i n e  s i l i c o n  (fig. 2.3). T h e  d e f e c t  d e n s i t y  o f  
a  g o o d  q u a l i t y  a - S i : H  i n  t h e  b a n d  g a p  is a b o u t  I O 10 —  l O 1 ^  c m ~ 3e V —1 [4].
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F i g .  2.3. d e f e c t  s t a t e s  i n  c r y s t a l l i n e  a n d  a m o r p h o u s  s e m i c o n d u c t o r s  [4].
2 . 2 . 4  T h e  r o l e  o f  h y d r o g e n
T h e  p r e s e n c e  o f  h y d r o g e n  i n  t h e  a t o m i c  s t r u c t u r e  o f  a - S i : H  c a u s e s  s o m e  
s h a r p  p e a k s  i n  t h e  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e s  [4], T h e  S i - H  b o n d  is s t r o n g e r  
t h a n  t h e  S i - S i  b o n d ,  t h e r e f o r e ,  a s  t h e  h y d r o g e n  c o n t e n t  i n c r e a s e s ,  t h e  v a l e n c e  
b a n d  s h i f t s  t o  h i g h e r  b i n d i n g  e n e r g i e s ,  w h i l e  t h e  c o n d u c t i o n  b a n d  r e m a i n s  rel­
a t i v e l y  u n a f f e c t e d .  A s  a  re s u l t ,  t h e  m o r e  t h e  h y d r o g e n  c o n t e n t ,  t h e  g r e a t e r  t h e  
b a n d  g a p  e n e r g y .  T h e  e x i s t e n c e  o f  h y d r o g e n  m a y  r e d u c e  t h e  d e f e c t  d e n s i t i e s  i n ­
s i d e  t h e  b a n d  g a p ,  b e c a u s e  t h e  s t r o n g  S i - H  b o n d s  c a n  c o m p e n s a t e  s i l i c o n  d a n g l i n g  
b o n d  s t a t e s  a n d  shift t h e m  o u t  o f  t h e  g a p .  T h e  h y d r o g e n  a t o m s  b r e a k  t h e  w e a k  
b o n d s  i n  t h e  a m o r p h o u s  s i l i c o n  n e t w o r k  a n d  l e a v e  t h e  n e t w o r k  w i t h  s t r o n g e r  Si- 
14 o r  S i - S i  b o n d s .  T h e  r e s u l t i n g  n e t w o r k  is t h e r e f o r e  m o r e  o r d e r e d  [4]. A t  l o w e r  
t e m p e r a t u r e s  ( 1 0 0  —  3 0 0 ° C )  t h e  m o t i o n  o f  h y d r o g e n  i n  a - S i : H  is a  r e v e r s i b l e  p h e ­
n o m e n o n ,  h o w e v e r ,  a t  h i g h e r  t e m p e r a t u r e  ( >  3 5 0 ° C )  h y d r o g e n  d i f f u s e s  o u t  o f  
a - S i : H  r e s u l t i n g  i n  i n s t a b i l i t y  a n d  d e g r a d a t i o n  o f  its e l e c t r i c a l  p r o p e r t i e s .
T h e  a b s e n c e  o f  h y d r o g e n  i n  t h e  s y s t e m ,  c a u s e s  t h e  f o r m a t i o n  o f  ’’s n o w  f l a k e ” like 
i s l a n d s  n e a r  t h e  m e t a l / a - S i  i n t e r f a c e .  T h e  i s l a n d s  a r e  r i c h  i n  c r y s t a l l i n e  s i l i c o n  
[36].
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T h e  h y d r o g e n  c o n t e n t  i n  t h e  d e p o s i t i o n  c h a m b e r ,  o n  t h e  o t h e r  h a n d ,  i n f l u e n c e s  
t h e  d e p o s i t i o n  r a t e  o f  a - S i : H  b y  u p  t o  a  f a c t o r  o f  2  [45].
B e y e r  h a s  i n v e s t i g a t e d  t h e  d i f f u s i o n  o f  d e u t e r i u m  i n t o  a - S i : H  u s i n g  s a m p l e s  w i t h  
a  l a y e r  o f  a - S i : D  g r o w n  o n  t o p  o f  a - S i : H  [46]. It h a s  b e e n  s h o w n  t h a t  t h e  h y d r o ­
g e n  d i f f u s i o n  f o l l o w s  t h e  c o n v e n t i o n a l  d i f f u s i o n  e q u a t i o n  D  —  D Q e x p ( — E a / k T )  
a n d  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  d e p e n d s  o n  t h e  h y d r o g e n  c o n c e n t r a t i o n  ( s u b ­
s t r a t e  t e m p e r a t u r e  d u r i n g  d e p o s i t i o n )  i n  t h e  l a y e r .  F i g u r e  2 . 4  s h o w s  t h e  A r r h e -
T PC)
500 450 400 350 300 250
 ,—  , 1 1------ 1--------   *--1-- 1-- -i ■ i■—
Ts (°C)CH(at%)
A o 500 -1
v 450 ~2y X  □ 350 ~7250 ~ll
.
103/T (K_1)
F i g .  2.4. H y d r o g e n  d i f f u s i o n  c o e f f i c i e n t  v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  f o r  s a m p l e s  
c o n t a i n i n g  d i f f e r e n t  h y d r o g e n  c o n c e n t r a t i o n s  [46].
n i u s  p l o t  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  f o r  a  s e r i e s  
o f  s a m p l e s  w i t h  e q u a l  c o n c e n t r a t i o n  o f  h y d r o g e n  a n d  d e u t e r i u m  i n  t h e  initial
 o o
s a m p l e s  [46]. C a r l s o n  a n d  M a g e e  [47] h a v e  o b t a i n e d  D 0  =  1 . 1 7  x  1 0  c m  / s  a n d  
E a  =  1 . 5 3 = t 0 . 1 5  e V  f o r  t h e  d i f f u s i o n  o f  d e u t e r i u m  i n t o  a - S i : H .  T h e  d i f f u s i o n  coeffi­
c i e n t  f o r  h y d r o g e n  is s i m i l a r  t o  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  d e u t e r i u m  w i t h  a  h i g h e r
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p r e f a c t o r  f o r  h y d r o g e n  d u e  t o  t h e  d i f f e r e n c e  i n  t h e i r  m a s s e s  =  1 . 4 1 )
a n d  a  s m a l l e r  a c t i v a t i o n  e n e r g y  ( b y  p s  1 % )  d u e  t o  t h e  d i f f e r e n c e  i n  t h e  S i - H  a n d  
S i - D  b o n d  s t r e n g t h s  [47].
A c c o r d i n g  t o  C a r l s o n  a n d  M a g e e  t h e  d i f f u s i o n  o f  h y d r o g e n  p r o b a b l y  d e p e n d s  b o t h  
o n  t h e  h y d r o g e n  c o n c e n t r a t i o n  a n d  t h e  d e f e c t  s t r u c t u r e  o f  t h e  f i l m  a n d  o c c u r s  v i a  
t h e  h o p p i n g  o f  h y d r o g e n  a t o m s  b e t w e e n  d a n g l i n g  b o n d  sites [47] b u t  B e y e r  a n d  
W a g n e r  r e p o r t  t h a t  h y d r o g e n  d i f f u s i o n  p r o c e e d s  m a i n l y  t h r o u g h  t h e  b r e a k i n g  a n d  
r e c o n s t r u c t i o n  o f  S i - S i  b o n d s  s i n c e  t h e y  h a v e  o b s e r v e d  t h a t  t h e  m i g r a t i o n  o f  h y ­
d r o g e n  f r o m  a - S i : H  d o e s  n o t  effect s i g n i f i c a n t l y  t h e  c o n c e n t r a t i o n  o f  u n s a t u r a t e d  
d a n g l i n g  b o n d s  [48].
A n  i n t e r f a c i a l  h y d r o g e n  l a y e r  c a n  p a s s i v a t e  s h a l l o w  i m p u r i t i e s  a n d  c o m p e n s a t e  
s u r f a c e  d a n g l i n g  b o n d s  s i n c e  h y d r o g e n  is a  s i n g l e - c o o r d i n a t e d  a t o m  w h i c h  c a n  
s a t u r a t e  t h e  d a n g l i n g  b o n d s .  It h a s  b e e n  o b s e r v e d ,  o n  t h e  o t h e r  h a n d ,  t h a t  t h i s  
i n t e r f a c i a l  l a y e r  c a n  m o d i f y  t h e  b a r r i e r  h e i g h t  o f  S c h o t t k y  c o n t a c t s  [49]. F i g u r e
2.5 s h o w s  t h e  effect o f  h y d r o g e n  o n  t h e  b a r r i e r  h e i g h t  o f  a  m e t a l / p - d i a m o n d  c o n ­
tac t .  It is s e e n  t h a t  t h e  b a r r i e r  h e i g h t  d r o p s  b y  a n  a m o u n t  o f  a b o u t  1 e V  f o r  t h e  
p a s s i v a t e d  s a m p l e s .  T h e  m o d i f i c a t i o n  o f  b a r r i e r  h e i g h t  b y  a n  i n t e r f a c i a l  h y d r o g e n  
l a y e r  h a s  a l s o  b e e n  o b s e r v e d  i n  p - S i  s y s t e m s  b y  i n c r e a s i n g  t h e  b a r r i e r  h e i g h t .
2 . 3  S i l i c i d e  f o r m a t i o n  i n  c - S i
P o l y  c r y s t a l l i n e  a s  w e l l  a s  e p i t a x i a l  silicides a r e  w i d e l y  u s e d  i n  m i c r o e l e c ­
t r o n i c s  f o r  o h m i c  o r  S c h o t t k y  c o n t a c t s ,  g a t e  e l e c t r o d e s  a n d  i n t e r c o n n e c t s  [50, 51]. 
T h e  silicides a r e  o f  g r e a t  i n t e r e s t  i n  r e s e a r c h  a n d  i n d u s t r i a l  a p p l i c a t i o n s  b e c a u s e  
o f  t h e i r  o u t s t a n d i n g  m a t e r i a l  p r o p e r t i e s  s u c h  a s  h i g h  t e m p e r a t u r e  stability, c o n ­
t a c t  i n t e g r i t y  a n d  s t r u c t u r a l  p e r f e c t i o n  [52, 53].
A m o n g  m e t a l l i c  e p i t a x i a l  silicides, c o b a l t  d i s ilicide h a s  b e e n  s t u d i e d  e x t e n s i v e l y .
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It h a s  a  v e r y  l o w  s p e c i f i c  r e s i s t i v i t y  o f  ? r a l 5 / A L c m ,  t h e  a b i l i t y  t o  g r o w  e p i t a x i a l l y  
o n  S i  a n d  v e r y  g o o d  t e m p e r a t u r e  s t a b i l i t y  [54].
T h e  g r o w t h  o f  silicide m a y  b e  d i f f u s i o n  c o n t r o l l e d  w h e r e  m a s s  t r a n s p o r t  o f  t h e  
d i f f u s i n g  a t o m s  t h r o u g h  t h e  silicide l a y e r  t a k e s  p l a c e .  I n  t h i s  c a s e  t h e  t h i c k n e s s  
o f  t h e  silicide l a y e r  is p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  a n n e a l i n g  t i m e .  I n  a n
Electronegativity (Miedema)
F i g .  2.5. E f f e c t  o f  a n  i n t e r f a c i a l  h y d r o g e n  l a y e r  o n  t h e  b a r r i e r  h e i g h t  o f  m e t a l / p -  
d i a m o n d  c o n t a c t s  [49].
i n t e r f a c e  c o n t r o l l e d  s i l i c i d a t i o n ,  o n  t h e  o t h e r  h a n d ,  t h e  r e a c t i o n  r a t e  is d e t e r m ­
i n e d  b y  t h e  a t o m i c  m o t i o n  a c r o s s  t h e  m e t a l / s i l i c i d e  o r  s i l i c i d e / s i l i c o n  i n t e r f a c e s .  
T h e  t h i c k n e s s  o f  t h e  silicide i n  t h i s  c a s e  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a n n e a l i n g  
t i m e  [21, 29].
T h e r e  a r e  a  w i d e  r a n g e  o f  r e a c t i o n s  b e t w e e n  m e t a l s  a n d  S i  [17, 24]. T h e  r e a c t i o n  
b e t w e e n  n e a r - n o b l e  m e t a l s  s u c h  a s  n i c k e l  a n d  s i l i c o n  r e s u l t s  i n  a  m e t a l  r i c h  sili­
c i d e  ( N i 2 Si) a t  l o w  t e m p e r a t u r e s  ( «  200° C )  a s  t h e  first p h a s e .  T h e  r e a c t i o n  is
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g o v e r n e d  b y  interstitial d i f f u s i o n  o f  t h e  m e t a l  i n t o  c r y s t a l l i n e  s ilicon. T h e  g r o w t h  
k i n e t i c s  o f  m e t a l  r i c h  silicides f o l l o w  a  p a r a b o l i c  r e l a t i o n  b e t w e e n  t h e  t h i c k n e s s  
a n d  t h e  a n n e a l i n g  t i m e  s h o w i n g  t h a t  t h e  g r o w t h  is d i f f u s i o n  c o n t r o l l e d .  T h e  a c ­
t i v a t i o n  e n e r g y  o f  t h e  f o r m a t i o n  o f  m e t a l  r i c h  silicides is i n  t h e  r a n g e  o f  1 . 1 - 1 . 5  e V .  
T h i s  m e t a l  r i c h  p h a s e  is f o l l o w e d  b y  a  m o n o s i l i c i d e  ( N i S i )  a n d  d i s i l i c i d e  ( N i S i 2 ) 
a t  h i g h e r  t e m p e r a t u r e s .  S o m e  o t h e r  m e t a l s  s u c h  a s  H f  f o r m  a  m o n o s i l i c i d e  a s  t h e  
first p h a s e .  T h e  f o r m a t i o n  o f  m o n o s i l i c i d e s  t a k e s  p l a c e  a t  t e m p e r a t u r e s  a b o v e  
5 0 0 ° C  a n d  f o l l o w s  t h e  p a r a b o l i c  l a w  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  1 .6-2 .5 e V .  H f S i  
is f o l l o w e d  b y  t h e  f o r m a t i o n  o f  h a f n i u m - d i s i l i c i d e  a t  t e m p e r a t u r e s  a r o u n d  7 5 0 ° C .  
I n  t h e  t h i r d  k i n d  o f  r e a c t i o n  a  m e t a l - d i s i l i c i d e  is f o r m e d  a s  t h e  first p h a s e .  T h i s  
is t h e  c a s e  f o r  t h e  r e f r a c t o r y  m e t a l s  s u c h  a s  V ,  W ,  T a ,  N b ,  C r  a n d  M o .  I n  f a c t  
t h e  o n l y  o b s e r v e d  p h a s e  i n  t h e s e  s y s t e m s  is t h e  disilicide [55, 17]. T h e s e  m e t a l s  
u s u a l l y  d i f f u s e  s u b s t i t u t i o n a l l y  i n  c r y s t a l l i n e  s i l i c o n  a n d  f o r m  s i l i c o n  r i c h  silicides 
a t  t h e  t e m p e r a t u r e  a b o v e  6 0 0 ° C .  T h e  a c t i v a t i o n  e n e r g i e s  o f  s i l i c i d a t i o n  i n  t h e s e  
s y s t e m s  a r e  h i g h ,  f r o m  1 . 7  t o  3 . 2  e V .  C h r o m i u m  is a n  e x c e p t i o n  a n d  f o r m s  d i s ­
ilicide a t  l o w e r  t e m p e r a t u r e s  a r o u n d  4 5 0 ° C ,  w h i c h  is t o o  l o w  f o r  t h e  f o r m a t i o n  
o f  t h e  o t h e r  disilicides. T h e  f o r m a t i o n  t e m p e r a t u r e  f o r  M o  is p £ 5 2 5 ° C .  T h e r e  is 
a  l i n e a r  r e l a t i o n  b e t w e e n  t h e  s ilicide t h i c k n e s s  a n d  a n n e a l i n g  t i m e  a t  t h e  e a r l y  
s t a g e s  o f  t h e  i n t e r d i f f u s i o n ,  h o w e v e r ,  i n  t h e  c a s e  o f  V  a n d  W ,  t h e  silicide f o r m ­
a t i o n  t h e n  f o l l o w s  a  p a r a b o l i c  l a w  m e a n i n g  t h a t  t h e  g r o w t h  b e c o m e s  l i m i t e d  b y  
d i f f u s i o n  t h r o u g h  t h e  g r o w i n g  l a y e r .  T h e  r e a s o n  f o r  t h e  p a r a b o l i c  b e h a v i o u r  m a y  
b e  t h e  p r e s e n c e  o f  i m p u r i t i e s  e s p e c i a l l y  o x y g e n .
A t  h i g h  t e m p e r a t u r e  o f  6 0 0 °  C  a n d  a b o v e  it s e e m s  t h a t  t h e  s u p p l y  o f  S i  is c o n ­
t r o l l e d  b y  t h e  b r e a k i n g  o f  s i l i c o n  b o n d s .  T h e  p r o c e s s  o f  silicide f o r m a t i o n  t h e r e ­
f o r e  f o l l o w s  t h e  l i n e a r  l a w  s i n c e  it is l i m i t e d  b y  t h e  r a t e  t h e  S i  b o n d s  a r e  b r o k e n .  
R e a d e r  e t  al, h o w e v e r ,  b e l i e v e  t h a t  a n  i n t e r d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  is a l s o
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r e s p o n s i b l e  i n  t h e  f o r m a t i o n  o f  r e f r a c t o r y  m e t a l  silicides [21]. T h e  d i f f u s i n g  s p e ­
c i e s  (Si i n  t h i s  c a s e )  d i f f u s e s  i n t o  t h e  r e f r a c t o r y  m e t a l  i n t e r f a c e  a n d  r e a c t s  w i t h  
t h e  m e t a l .  S i n c e  s i l i c o n  is t h e  d o m i n a n t  d i f f u s i n g  s p e c i e s ,  t h e  s i l i c i d a t i o n  o c c u r s  
if t h e  s i l i c o n  a t o m s  a r e  f r e e  f o r  d i f f u s i o n .  T h e  l i b e r a t i o n  o f  S i  a t o m s  u s u a l l y  
h a p p e n s  a t  t e m p e r a t u r e s  a b o v e  6 0 0 ° C .  T h e  p r e s e n c e  o f  a n  o x i d e  l a y e r  w h i c h  c a n  
r e t a r d  t h e  r e a c t i o n  is s o  i m p o r t a n t  t h a t  it c a n  m a k e  t h e  f o r m a t i o n  o f  W S i 2 b e ­
c o m e  n u c l e a t i o n  c o n t r o l l e d .  R e a d e r  e t  al [21] h a v e  c o n c l u d e d  t h a t  t h i s  m a y  b e  
t h e  r e a s o n  w h y  t h e  a u t h o r s  u s u a l l y  r e p o r t  t h a t  t h e  s i l i c i d a t i o n  is d o m i n a t e d  b y  
m e t a l / S i  i n t e r f a c i a l  r e a c t i o n .  I n  t h e  c a s e  o f  M o ,  a n  i n t e r f a c i a l  S i 0 2 p r e v e n t s  t h e  
silicide f o r m a t i o n  u n t i l  p i n h o l e s  a r e  f o r m e d  i n  t h e  o x i d e  l a y e r  b y  b r e a k i n g  u p  
t h e  o x i d e .  T h e  p r e s e n c e  o f  p i n h o l e s  a l l o w s  S i  a t o m s  t o  d i f f u s e  i n t o  t h e  m e t a l .  
T h i s  a l s o  r e s u l t s  i n  a  r o u g h e n i n g  o f  s i l i c i d e / S i  i n t e r f a c e  [21, 56]. T h e  o x i d e  l a y e r  
w h i c h  c a u s e s  a  r e t a r d e d  r e a c t i o n ,  m u s t  b e  r e m o v e d  f r o m  t h e  s u r f a c e  o f  S i  f o r  t h e  
p r o d u c t i o n  o f  a  flat i n t e r f a c e .  It h a s  b e e n  s h o w n  t h a t  i n  t h e  W / S i  s y s t e m ,  e v e n  
t h e  p r e s e n c e  o f  a  n a t i v e  o x i d e  l a y e r  a t  t h e  s u r f a c e  o f  t u n g s t e n  c a n  a l s o  r e t a r d  t h e  
r e a c t i o n  b e t w e e n  W  a n d  S i  b e c a u s e  o x y g e n  c a n  m i g r a t e  t h r o u g h  t h e  W  f i l m  t o  
t h e  W - S i  i n t e r f a c e  a n d  f o r m  a n  i n t e r f a c i a l  S i 0 2 l a y e r  [57].
F o r  t h e  f o r m a t i o n  o f  a  m e t a l - r i c h  silicide, a n  i n terstitial m e c h a n i s m  h a s  b e e n  p r o ­
p o s e d  b e c a u s e  t h e  f o r m a t i o n  t e m p e r a t u r e  is t o o  l o w  t o  a ssist t h e  b o n d  b r e a k i n g  
[19]. T h i s  m e c h a n i s m  a s s u m e s  t h a t  m e t a l  a t o m s  d i f f u s e  i n t e r s t i t i a l l y  i n  S i  a n d  r e ­
a c t  w i t h  S i  a t o m s  a t  l o w  t e m p e r a t u r e s .  A n  i nterst i t i a l  m e t a l  i n c r e a s e s  t h e  n u m b e r  
o f  n e i g h b o r i n g  a t o m s  o f  t h e  h o s t  S i  w h i c h  r e s u l t s  i n  t h e  w e a k e n i n g  o f  its b o n d s  
d u e  t o  c h a r g e  t r a n s f e r .  T h e  j u m p  o f  a n  a t o m  t o  a n  interstitial site a l s o  l e a v e s  a  
v a c a n c y  b e h i n d .  T h e  s a t u r a t e d  w e a k e n e d  b o n d s  c a n  a c t  a s  m e t a l l i c  b o n d s  a n d  
w h e n  a  c h a r g e  t r a n s f e r  f r o m  a  s a t u r a t e d  c o v a l e n t  b o n d  o c c u r s  a  h o l e  i n  t h e  v a l e n c e  
b a n d  is f o r m e d .  A  c o n s e q u e n c e  o f  t h e  i n terstitial f o r m a t i o n  is t h e  r e l e a s e  o f  Si 
a t o m s  a t  l o w  t e m p e r a t u r e s ,  s i n c e  t h e  i n terstitial m e t a l  a t o m s  i n c r e a s e  t h e  c h a r g e
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a s  w e l l  a s  a t o m i c  m o b i l i t y  [19]. T h i s  m e c h a n i s m  is d i f f u s i o n - l i m i t e d  b e c a u s e  t h e  
int e r s t i t i a l  m e c h a n i s m  d e p e n d s  011 t h e  c o n t i n u o u s  s u p p l y  o f  m e t a l  a t o m s  t o  t h e  
s i l i cide-silicon i n t e r f a c e  [19, 58]. T h e  a c t i v a t i o n  e n e r g y  o f  int e r s t i t i a l  d i f f u s i o n  i n  
S i  is a b o u t  0 . 5  e V  [59, 60].
A n  i n t e r e s t i n g  f a c t  i n  r e f r a c t o r y  m e t a l / c - S i  r e a c t i o n  is t h a t  a n  a m o r p h o u s  p h a s e  
is f o r m e d  a t  t h e  i n t e r f a c e  o f  t h e  m e t a l  a n d  s i l i c o n  b y  interstitial d i f f u s i o n  a t  t e m ­
p e r a t u r e s  j u s t  b e l o w  t h e  r e q u i r e d  t e m p e r a t u r e  f o r  t h e  f o r m a t i o n  o f  c r y s t a l l i n e  
silicide [17, 21, 5 5 ,  61]. T h e  t h i c k n e s s  o f  t h i s  l a y e r  is s o m e  10 t o  20A a f t e r  t h e  
d e p o s i t i o n  o f  a  m e t a l  l ayer. T h i s  a m o r p h o u s  l a y e r  is c o n v e r t e d  t o  a  c r y s t a l l i n e  
p h a s e  a f t e r  a n n e a l i n g  a t  t h e  silicide f o r m a t i o n  t e m p e r a t u r e .  T h e  c o n c e n t r a t i o n  
o f  t h e  c r y s t a l l i n e  silicide p h a s e  is s i m i l a r  t o  t h a t  o f  t h e  a m o r p h o u s  p h a s e .  It 
is t h o u g h t  t h a t  e v e n  d u r i n g  t h e  d e p o s i t i o n  o f  t h e  m e t a l  a n  a m o r p h o u s  p h a s e  is 
f o r m e d  a t  t h e  i n t e r f a c e .  R a a i j m a k e r s  e t  al c o n f i r m  t h a t  a n  a m o r p h o u s  silicide 
p h a s e  is f o r m e d  a t  t h e  i n t e r f a c e  b e t w e e n  T i  a n d  S i  l a y e r s  a f t e r  a n n e a l i n g  a t  t e m ­
p e r a t u r e s  a s  l o w  a s  3 5 0 °  C  a n d  t h e  g r o w t h  o f  t h i s  l a y e r  a t  a n n e a l i n g  t i m e s  b e l o w  
2  h o u r s  is c o n t r o l l e d  b y  d i f f u s i o n  [62]. T h e  t h i c k n e s s  o f  t h i s  a m o r p h o u s  silicide 
l a y e r  a t  4 0 0 ° C  is < 1 8  n m .  H o l l o w a y  a n d  S i n c l a i r  [63] h a v e  d e m o n s t r a t e d  t h a t  
a m o r p h o u s  T i S i  a n d  T i S i 2 l a y e r s  a r e  f o r m e d  b y  i n t e r d i f f u s i o n  a t  t h e  i n t e r f a c e  
o f  p o l y  c r y s t a l l i n e  T i  a n d  a m o r p h o u s  s i l i c o n  a f t e r  a n n e a l i n g  a r o u n d  5 0 0 °  C .  T h e  
a m o r p h o u s  l a y e r  is u n i f o r m  i n  t h i c k n e s s .  A c c o r d i n g  t o  t h e m  it is a l s o  p o s s i b l e  
t o  f o r m  a n  a m o r p h o u s  silicide e v e n  a t  t h e  d e p o s i t i o n  t e m p e r a t u r e  ( 5 0 - 1 0 0 ° C )  o r  
d u r i n g  T E M  p r e p a r a t i o n  ( 1 5 0 - 2 0 0 ° C ) .
It h a s  b e e n  s h o w n  t h a t  t h e  g r o w t h  o f  t h e  a m o r p h o u s  l a y e r  is c o n t r o l l e d  b y  S i  
d i f f u s i o n  t h r o u g h  t h e  a m o r p h o u s  silicide l a y e r .  T h e  s u p p l y  o f  Si, h o w e v e r ,  c a n  
s t o p  i n  t h e  l a t e r  s t a g e s  o f  t h e  r e a c t i o n  d u e  t o  t h e  f o r m a t i o n  o f  l a r g e  v o i d s  a t  t h e  
a - s i l i c i d e / S i  i n t e r f a c e .  A n  i m p o r t a n t  r e q u i r e m e n t  f o r  t h e  f o r m a t i o n  o f  a-silicide
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is the fast supply of the diffusing species [21, 64].
2 . 4  E l e c t r o n i c  p r o p e r t i e s  o f  c - S i l i c i d e s
C h r o m i u m  disi l i c i d e  s h o w s  a  p - t y p e  d e g e n e r a t e  s e m i c o n d u c t i n g  b e h a v i o u r  
w i t h  a n  i n d i r e c t  b a n d g a p  o f  0 . 2 7 - 0 . 3 5  e V  [24, 30]. T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  
t h e  r e s i s t i v i t y  o f  C r S i 2 is s h o w n  i n  f i g u r e  2.6. A l t h o u g h  C r S i 2 is a  s e m i c o n d u c t o r ,
1 2 3
RECIPROCAL ABSOLUTE TEMPERATURE (103/K)
F i g .  2.6. r e s i s t i v i t y  o f  C r - d i s i l i c i d e  vs. 1 0 0 0 / T  [24]
a t  l o w e r  t e m p e r a t u r e s  ( b e l o w  ps 3 0 0 °  C )  it s h o w s  a  m e t a l l i c  b e h a v i o u r  a s  t h e  
r e s i s t i v i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h e  r e a s o n  is t h a t  t h e  F e r m i  
l e v e l  o f  C r S i 2 is t h o u g h t  t o  lie j u s t  a b o v e  t h e  u p p e r  v a l e n c e  b a n d  e d g e  s o  t h a t  
t h e  F e r m i  l e v e l  is o n l y  d e t e r m i n e d  b y  t h e  n u m b e r  o f  v a l e n c e  e l e c t r o n s .  A s  a  
r e s u l t  t h e  i n v e r s e  r e l a t i o n  b e t w e e n  t e m p e r a t u r e  a n d  r e s i s t i v i t y  is n o t  o b s e r v e d  a t  
l o w  t e m p e r a t u r e s  [65]. It is, h o w e v e r ,  p o s s i b l e  t o  p u s h  t h e  F e r m i  l e v e l  i n t o  t h e  
v a l e n c e  b a n d  b y  d o p i n g  w i t h  v a n a d i u m .  D o p i n g  w i t h  m a n g a n e s e ,  o n  t h e  o t h e r
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h a n d ,  w o u l d  p u s h  t h e  F e r m i  l e v e l  i n t o  t h e  g a p  s i n c e  m a n g a n e s e  a c t s  a s  a  g o o d  
d o n o r  d o p a n t  [24].
2 . 5  S i l i c i d e  f o r m a t i o n  i n  a - S i : H
T h e  p r o p e r t i e s  a n d  k i n e t i c s  o f  silicides f o r m e d  i n  s i n g l e  c r y s t a l  s i l i c o n  h a v e  
b e e n  s t u d i e d  e x t e n s i v e l y  i n  t h e  p a s t  [21, 24] a n d  s i l i c i d a t i o n  h a s  b e c o m e  a n  e s ­
s e n t i a l  t e c h n o l o g y  i n  a d v a n c e d  i n t e g r a t e d  circuits. F a r  less is k n o w n ,  h o w e v e r ,  
a b o u t  t h e  p r o p e r t i e s  o f  silicides f o r m e d  i n  h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  d e s ­
p i t e  t h e  f a c t  t h a t  silicide is u s e d  e x t e n s i v e l y  i n  c o n t a c t i n g  t e c h n o l o g i e s  f o r  t h e  
t h i n - f i l m  t r a n s i s t o r s  n e e d e d  i n  a c t i v e  m a t r i x  l i q u i d  c r y s t a l  d i s p l a y s  [22], C o m ­
m o n  c o n t a c t i n g  m a t e r i a l s  a r e  c h r o m i u m ,  m o l y b d e n u m  [28] a n d  t u n g s t e n  b e c a u s e  
o f  t h e i r  m e c h a n i c a l  a n d  c h e m i c a l  p r o p e r t i e s  w h i c h  m a k e  t h e m  s u i t a b l e  f o r  l a r g e  
a r e a  t e c h n o l o g i e s  o n  glass. A  silicide l a y e r  w h i c h  is u s u a l l y  f o r m e d  a t  t h e  i n t e r f a c e  
o f  m e t a l / a - S i : H  r e s u l t s  i n  m o r e  s t a b l e  a n d  r e p r o d u c i b l e  d e v i c e s  a n d  i m p r o v e s  t h e  
e l e c t r i c a l  q u a l i t y  o f  t h e  i n t e r f a c e .
A  r a n g e  o f  d i f f e r e n t  e f fects h a v e  b e e n  r e p o r t e d  f o l l o w i n g  t h e  i n t e r a c t i o n  o f  m e t a l s  
w i t h  h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  a t  l o w  t e m p e r a t u r e s  [66, 6 7 ,  68], T h e r e  
h a v e  b e e n  r e p o r t s  o n  t h e  f o r m a t i o n  o f  a n  i n t e r f a c e  i n t e r l a y e r  a t  t h e  t e m p e r a t ­
u r e s  a b o v e  3 5 0 ° C  [69, 7 0 ,  71], b u t  o u r  k n o w l e d g e  a b o u t  silicide f o r m a t i o n  a t  
l o w e r  t e m p e r a t u r e s  ( < 3 5 0 ° C )  is v e r y  l i m i t e d .  M e t a l s  s u c h  a s  A u  a n d  A l  d o  n o t  
f o r m  silicides [72, 7 3 ,  7 4 ]  w h i l s t  o t h e r s  s u c h  a s  P t  a n d  P d  f o r m  a  silicide e v e n  a t  
r o o m  t e m p e r a t u r e  w h i c h  i n  t h e  c a s e  o f  P t  is a m o r p h o u s  [75] a n d  i n  t h e  c a s e  o f  
P d  is m i c r o - c r y s t a l l i n e  [76]. I n  t h e  A l / a - S i : H  s y s t e m ,  c o m p l e t e  i n t e r d i f f u s i o n  o f  
A l  a n d  a - S i : H  a n d  l o w  t e m p e r a t u r e  c r y s t a l l i z a t i o n  o f  a - S i : H  h a v e  b e e n  o b s e r v e d  
[73, 74], G o l d  a l s o  is k n o w n  t o  e n h a n c e  c r y s t a l l i z a t i o n  o f  a m o r p h o u s  s i l i c o n  a t  l o w  
t e m p e r a t u r e s  [70]. T s u k a d a  e t  al [77] h a v e  r e p o r t e d  t h e  p r e s e n c e  o f  a n  a m o r p h ­
o u s  i n t e r l a y e r  i n  t h e  C r / a - S i : H  s y s t e m  w i t h  «  1 0 %  c h r o m i u m  i n  s i l i c o n  e v e n  a t
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r o o m  t e m p e r a t u r e  f o l l o w i n g  c h r o m i u m  d e p o s i t i o n .  T h i s  i n t e r a c t i o n  i n c r e a s e s  o n  
a n n e a l i n g  b u t  s a t u r a t e s  w i t h  t i m e  [78]. A t  2 0 0 ° C ,  f o r  e x a m p l e ,  t h e  i n t e r a c t i o n  
c e a s e s  a f t e r  a  3 0 - m i n u t e  a n n e a l .  M a s a k i  e t  al [79, 8 0 ]  h a v e  c o n f i r m e d  t h e  p r e s e n c e  
o f  a n  a m o r p h o u s  silicide a n d  h a v e  c o n c l u d e d  t h a t  it is v e r y  d i l u t e  w i t h  o n l y  a b o u t  
5 %  c h r o m i u m  i n  silicon. F u r t h e r m o r e  a  m o d e l  is p r o p o s e d  b a s e d  o n  e l e c t r i c-fields 
a t  t h e  C r / a - s i l i c o n  c o n t a c t  t o  e x p l a i n  t h e  s a t u r a t i o n  o f  t h e  i n t e r a c t i o n .  A c c o r d ­
i n g  t o  t h i s  m o d e l  [73, 79], a n  e l e c t r i c  field is c r e a t e d  a t  t h e  i n t e r f a c e  b e t w e e n  
a  m e t a l  a n d  a - S i : H  d u e  t o  t h e  d i f f e r e n c e  i n  t h e i r  e l e c t r o n e g a t i v i t i e s .  T h e r e f o r e  
t h e  i n t e r m i x i n g  i n  t h e  c o n t a c t  l a y e r  c o n t i n u e s  u n t i l  t h i s  field is c o m p e n s a t e d  o r  
b e c o m e s  n e g l i g i b l y  s m a l l .  T h e  c o m p e n s a t i o n  o f  t h i s  field is u s u a l l y  ( e.g. f o r  
C r / a - S i : H )  m a d e  b y  a t o m i c  d i f f u s i o n  r a t h e r  t h a n  e l e c t r o n  d i f f u s i o n  [73]. I n  t h e  
C r / a - S i : H  s y s t e m  t h e  c o m p e n s a t i o n  o f  t h e  field a n d  t h e  i n t e r a c t i o n  b e t w e e n  C r  
a n d  s i l i c o n  t a k e  p l a c e  w i t h i n  a  s h a l l o w  r e g i o n  [73].
C r y s t a l l i n e  P d  a n d  C r  r e a c t  u n i f o r m l y  w i t h  a m o r p h o u s  s i l i c o n  [69]. T h e  r e a c t i o n  
o f  P d  w i t h  a - S i  t a k e s  p l a c e  e v e n  a t  r o o m  t e m p e r a t u r e  a n d  a  P d 2 S i  l a y e r  is c o n ­
s e q u e n t l y  f o r m e d  [81]. C r  r e a c t i o n  t a k e s  p l a c e  a t  t e m p e r a t u r e s  a b o v e  4 0 0 ° C  a n d  
t h e  r e s u l t i n g  silicide is a n  e p i t a x i a l  C r S i 2 p h a s e .
T h e  s u r f a c e  o f  a - S i : H  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  f o r m a t i o n  o f  a n  i n t e r l a y e r  a n d  
t h e  p r o p e r t i e s  o f  t h e  r e s u l t i n g  S c h o t t k y  b a r r i e r  [35]. T h e r e f o r e  a  s u r f a c e  t r e a t ­
m e n t  is o f t e n  n e c e s s a r y  t o  o b t a i n  a  r e a s o n a b l e  s u r f a c e  d e n s i t y  o n  a  d e v i c e - q u a l i t y  
f ilm. T h e  p r e s e n c e  o f  h y d r o g e n  w h i c h  d e c r e a s e s  d a n g l i n g  b o n d s  w i t h i n  t h e  g a p  
c a n  a l s o  r e d u c e  s u r f a c e  s t a t e s .  A  s u r f a c e  o x i d e ,  o n  t h e  o t h e r  h a n d ,  c a n  r e t a r d  t h e  
r e a c t i o n  a n d  d e g r a d e  t h e  d i o d e  q u a l i t y .  A n  H F  t r e a t m e n t  t o  r e m o v e  a n y  s u r f a c e  
o x i d e  is a d v i s a b l e  b e f o r e  t h e  m e t a l  is d e p o s i t e d .  T h e  silicide f o r m a t i o n  a t  t h e  
i n t e r f a c e  b e t w e e n  m e t a l  a n d  a - S i : H  is s u c c e s s f u l  if t h e  s u r f a c e  o f  a - S i : H  is f r e e  o f  
o x i d e  o r  t h e  o x i d e  is d i s c o n t i n u o u s  o r  v e r y  t h i n  ( <  l n m ) ,  s o  t h a t  its ef f e c t  c a n  b e  
n e g l e c t e d .
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F o r  a  s y s t e m  s u c h  a s  N i / a - S i : H ,  a  silicide is f o r m e d  a t  l o w  t e m p e r a t u r e s  (ps 3 0 0 ° C )  
[68, 35]. T h e  silicide f o r m a t i o n  f o l l o w s  a  d i f f u s i o n - l i m i t e d  m e c h a n i s m  a n d  t h e  
t h i c k n e s s  o f  silicide, d s , is p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  a n n e a l i n g  t i m e  
( t o )
d s  =  2  (D(2.1)
D s is t h e  silicide g r o w t h  r a t e  d e f i n e d  b y  a n  a c t i v a t i o n  e n e r g y
 A  rp
D s =  j90 e x p — - i  (2.2)
w h e r e  A E S is t h e  silicide f o r m a t i o n  a c t i v a t i o n  e n e r g y .  F i g u r e s  2 . 7  a n d  2 . 8  s h o w
t h e  g r a p h  o f  t h i c k n e s s  s q u a r e d  a g a i n s t  a n n e a l i n g  t i m e  a n d  t h e  A r r h e n i u s  p l o t  f o r  
t h i s  s y s t e m .
It h a s  b e e n  s h o w n  t h a t  f o r  a  s y s t e m  s u c h  a s  N i / a - S i : H ,  silicide f o r m a t i o n  a t  t h e
i n t e r f a c e  is a c h i e v e d  b y  a  s t e p  b y  s t e p  p r o c e s s  [35]. A t  first, a  v e r y  t h i n  silicide
F i g .  2.7. S q u a r e  o f  t h e  t h i c k n e s s  o f  N i - s i l i c i d e  v e r s u s  a n n e a l i n g  t i m e  [68]
l a y e r  is f o r m e d  n e a r  t h e  i n t e r f a c e  b y  a  r e a c t i o n  b e t w e e n  t h e  m e t a l  a n d  s i l i c o n  
a t o m s .  I n  t h e  n e x t  s t e p  t h e  d i f f u s i n g  s p e c i e s  [ t h e  m e t a l  f o r  t h e  p r e s e n t  s y s t e m  o r  
s i l i c o n  f o r  s o m e  o t h e r  s y s t e m s ]  d i f f u s e  i n t o  t h e  silicide a n d  a p p r o a c h  t h e  Si-silicide
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F i g .  2.8. A r r h e n i u s  p l o t  o f  r a t e  c o n s t a n t  v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  [68]
[or m e t a l - s i l i c i d e  in t e r f a c e ] ,  w h e r e  t h e y  d i s s o c i a t e  t h e  S i - H  b o n d s .  A  n e w  l a y e r  o f  
silicide is c o n s e q u e n t l y  f o r m e d .  I n  t h i s  r e a c t i o n  h y d r o g e n  a t o m s  a r e  r e l e a s e d  a n d  
d i f f u s e  t h r o u g h  t h e  s u r f a c e  l a y e r s  o u t  o f  t h e  m a t e r i a l .  A s  a  result, h y d r o g e n  a c c u ­
m u l a t i o n  d o e s  n o t  o c c u r  a n d  t h e  i n t e r f a c e  a f t e r  h e a t  t r e a t m e n t  c o n t a i n s  silicide 
b e t w e e n  s h a r p  i n t e r f a c e s  o f  m e t a l  a n d  a m o r p h o u s  silicon. I n  fact, a f t e r  r e l e a s i n g  
t h e  h y d r o g e n  a t o m s ,  t h e  m e t a l  a n d  S i  a t o m s  r e a c t  d i rectly, t h e r e f o r e ,  t h e  p r e s ­
e n c e  o f  h y d r o g e n  is t h o u g h t  t o  h a v e  n o  e ffect o n  silicide g r o w t h .  A  h i g h e r  g r o w t h  
r a t e  f o r  a - S i : H  c o m p a r e  w i t h  c - S i  f o r  N i  a n d  P d  s y s t e m s  h a s  b e e n  o b t a i n e d  w h i c h  
is t h o u g h t  t o  b e  r e l a t e d  t o  t h e  a m o r p h o u s  s t r u c t u r e  r a t h e r  t h a n  t h e  p r e s e n c e  o f  
h y d r o g e n  [68].
T h e  f o r m a t i o n  o f  a n  a m o r p h o u s  i n t e r l a y e r  i n  t h e  a s - d e p o s i t e d  H f / c - S i  s y s t e m  
w i t h  t h e  t h i c k n e s s  o f  2  n m  h a s  b e e n  o b s e r v e d  [82]. A f t e r  a n n e a l i n g  a t  t e m p e r a t ­
u r e s  b e t w e e n  4 5 0 - 5 2 0 ° C ,  t h e  t h i c k n e s s  o f  t h e  a - i n t e r l a y e r  i n c r e a s e s  w i t h  a n n e a l i n g  
t e m p e r a t u r e  a n d  t i m e .  T h e  m a x i m u m  t h i c k n e s s  o b t a i n e d  w a s  a b o u t  1 0  n m .  I n  
t h e  a s - d e p o s i t e d  C r / c - S i  s y s t e m  a  d i s c o n t i n u o u s  a m o r p h o u s  i n t e r l a y e r  h a s  b e e n
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o b s e r v e d  [82]. T h e  t h i c k n e s s  o f  t h i s  a - i n t e r l a y e r  i n c r e a s e s  t o  3  n m  a f t e r  a n n e a l ­
i n g  a t  3 6 0 ° C  f o r  6 0  m i n u t e s .  M i c r o c r y s t a l l i n e  silicides a r e  f o r m e d  b e t w e e n  t h e  
a - i n t e r l a y e r  a n d  s i l i c o n  s u b s t r a t e  a t  h i g h e r  t e m p e r a t u r e s .
It is w i d e l y  a c c e p t e d  t h a t  i n  r e f r a c t o r y  m e t a l / c - S i  s y s t e m s  t h e  first a n d  o n l y  
o b s e r v e d  p h a s e  is t h e  m e t a l  disilicide ( s e c t i o n  2.3), h o w e v e r ,  H s i e h  e t  al h a v e  
r e p o r t e d  t h e  s i m u l t a n e o u s  o c c u r a n c e  o f  d i f f e r e n t  c r y s t a l l i n e  p h a s e s  i n  C r /  a n d  
H f / c - S i  s y s t e m s  w h e n  t h e  s a m p l e s  a r e  p r e p a r e d  i n  a n  u l t r a  h i g h  v a c u u m  a m b i e n t  
[82]. E d e l m a n  e t  al h a v e  a l s o  r e p o r t e d  t h a t  if t h e  s u p p l y  o f  t h e  r e a c t a n t  e l e m e n t s  
is n o t  e n o u g h ,  s i m u l t a n e o u s  a p p e a r a n c e  o f  d i f f e r e n t  c r y s t a l l i n e  p h a s e s  i n  C r / a -  
S k H , F  s y s t e m  c a n  o c c u r  a t  h i g h  t e m p e r a t u r e s  [71].
I n  g e n e r a l ,  t h e r e  a r e  f o u r  d i f f e r e n t  d i f f u s i o n  m e c h a n i s m s  i n  m e t a l / a - S i : H  s y s t e m s :  
m e t a l  d i f f u s i o n ,  s i l i c o n  s u b s t i t u t i o n a l l y  ( v a c a n c y )  d i f f u s i o n ,  s i l i c o n  interstitial dif­
f u s i o n  a n d  s i l i c o n  g r a i n  b o u n d a r y  d i f f u s i o n .  T h e  d i f f u s i n g  s p e c i e s  a n d  t h e  d iffu-
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s i o n  m e c h a n i s m  c a n  b e  d e t e r m i n e d  u s i n g  a  r a d i o a c t i v e  e l e m e n t ,  s u c h  a s  Si, a s  
a  m a r k e r  [83]. It is t h o u g h t  t h a t  i n  t h e  C r / a - S i : H  s y s t e m  t h e  d o m i n a n t  d i f f u s i n g  
s p e c i e s  is s i l i c o n  [69, 71].
2 . 6  E l e c t r i c a l  p r o p e r t i e s  o f  S c h o t t k y  b a r r i e r s  o n  c - S i
I n  g e n e r a l  t h e r e  a r e  t w o  d i f f e r e n t  m e c h a n i s m s  g o v e r n i n g  t h e  c u r r e n t  c o n ­
d u c t i o n  a c r o s s  t h e  b a r r i e r  o f  S c h o t t k y  c o n t a c t s  [84, 8 5 ,  86, 87]. I n  t h e  d e p l e t i o n  
r e g i o n  t h e  m o t i o n  o f  e l e c t r o n s  is g o v e r n e d  b y  d i f f u s i o n  a n d  drift i n  t h e  el e c t r i c  field 
w h i l e  a t  t h e  i n t e r f a c e  w i t h  t h e  m e t a l  t h e  e l e c t r o n s  a r e  e m i t t e d  i n t o  t h e  m e t a l  b y  
t h e r m i o n i c  e m i s s i o n .  T h e  q u e s t i o n  is: w h i c h  o f  t h e s e  t w o  m e c h a n i s m s  l i m i t s  a n d  
t h e r e f o r e  c o n t r o l s  t h e  c u r r e n t ?  It is k n o w n  t h a t  f o r  S c h o t t k y  d i o d e s  m a d e  f r o m  
h i g h  m o b i l i t y  s e m i c o n d u c t o r s  s u c h  a s  S i  t h r o u g h  w h i c h  t h e  e l e c t r o n s  m o v e  easily, 
t h e  t h e r m i o n i c  e m i s s i o n  o f  e l e c t r o n s  o v e r  t h e  p o t e n t i a l  b a r r i e r  is t h e  m e c h a n i s m  
t h a t  d e t e r m i n e s  t h e  m a g n i t u d e  o f  t h e  c u r r e n t .  A c c o r d i n g  t o  B e t h e ’s c r i t e r i o n ,
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t h e r m i o n i c  e m i s s i o n  i n  a  m e t a l / s e m i c o n d u c t o r  c o n t a c t  c o n t r o l s  t h e  c o n d u c t i o n  
p r o c e s s  if t h e  e l e c t r o n  m e a n  f r e e  p a t h  i n  t h e  s e m i c o n d u c t o r  e x c e e d s  t h e  d i s t a n c e  
d  ( =  k T / q E r n a x )  o v e r  w h i c h  t h e  b a r r i e r  d e c r e a s e s  b y  a n  a m o u n t  o f  k T / q  [86]. 
U n d e r  t h i s  c o n d i t i o n  a l m o s t  all t h e  e l e c t r o n s  w i t h  s u f f i c i e n t  e n e r g y  m o v e  i n t o  t h e
m e t a l  c o n t a c t .  T h e  c u r r e n t  d u e  t o  t h e r m i o n i c  e m i s s i o n  is g i v e n  b y  t h e  e q u a t i o n
J  =  U e x p ( K )  -  1] (2.3)
J OJ t h e  s a t u r a t i o n  c u r r e n t  d e n s i t y  is a  f u n c t i o n  o f  b a r r i e r  h e i g h t ,
J 0 = A * T 2 e x  P ( Z f | £ ) (2-4)
w h e r e  A *  is t h e  R i c h a r d s o n  c o n s t a n t  a n d  is t h e  b a r r i e r  h e i g h t  a t  z e r o  bia s .  
I n  a  p r a c t i c a l  s i l i c o n  S c h o t t k y  c o n t a c t  t h e r e  a r e  o t h e r  effects i n  a d d i t i o n  t o  t h e r m i ­
o n i c  e m i s s i o n  w h i c h  i n f l u e n c e  t h e  i d e a l  J - V  c h a r a c t e r i s t i c s .  T h e r e f o r e  a n  i d e a l i t y  
f a c t o r  ( n )  is i n c l u d e d  i n  e q u a t i o n  2 . 3  t o  a c c o u n t  f o r  t h e  d e v i a t i o n s  f r o m  t h e  i d e a l  
p e r f o r m a n c e .
J  =  -  1] (2.5)
T h e  p h e n o m e n a  w h i c h  e ffect t h e  i d e a l  p e r f o r m a n c e  o f  t h e  b a r r i e r  a r e  d i s c u s s e d  
l a t e r  i n  t h i s  s e c t i o n .  F o r  a n  i d e a l  S c h o t t k y  b a r r i e r  w h e r e  t h e r m i o n i c  e m i s s i o n  
is t h e  o n l y  m e c h a n i s m  i n v o l v e d  i n  t h e  c u r r e n t  c o n d u c t i o n  t h e  i d e a l i t y  f a c t o r  is 
e q u a l  t o  u n i t y  ( n = l ) .
I n  p r a c t i c e  t h e  b a r r i e r  h e i g h t  a n d  i d e a l i t y  f a c t o r  a r e  f u n c t i o n s  o f  a p p l i e d  v o l t a g e  
w h i c h  r e s u l t s  i n  a  d e v i a t i o n  f r o m  i d e a l  p e r f o r m a n c e  o f  t h e  S c h o t t k y  d i o d e .  T h i s  
d e p e n d e n c e  m a y  b e  d u e  t o  t h e  i m a g e  f o r c e  effect, t h e  p e n e t r a t i o n  o f  e l e c t r o n s  
f r o m  t h e  m e t a l  n e a r  t h e  F e r m i  l e v e l  t o  t h e  f o r b i d d e n  g a p  o f  t h e  s e m i c o n d u c t o r  
[88] o r  t h e  p r e s e n c e  o f  a n  i n t e r f a c i a l  la y e r .  I n  f a c t  t h e  e f f e c t i v e  b a r r i e r  h e i g h t  f o r  
e l e c t r o n s  i n  e q u a t i o n  2 . 3  is $ e  =  —  A w h e r e  A 4 > ^  is t h e  b a r r i e r  l o w e r i n g .
T h e  b a r r i e r  l o w e r i n g  d e c r e a s e s  a n d  t h e  b a r r i e r  h e i g h t  i n c r e a s e s  a s  t h e  a p p l i e d
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v o l t a g e  is i n c r e a s e d  u n d e r  f o r w a r d  b i a s  [86].
T h e  b a r r i e r  h e i g h t  ( $ j g )  m a y  b e  d e t e r m i n e d  f r o m  t h e  J - V  c h a r a c t e r i s t i c s  o f  t h e  
b a r r i e r .  T h e  l i n e a r  i n t e r p o l a t i o n  o f  t h e  c u r v e  l o g J  v e r s u s  V  a t  V > 3 k T / q  t o  z e r o  
v o l t a g e  g i v e s  t h e  s a t u r a t i o n  c u r r e n t  d e n s i t y  ( J 0 ) f r o m  w h i c h  t h e  b a r r i e r  h e i g h t  
c a n  b e  c a l c u l a t e d  ( e q u a t i o n  2.4). T h e  i d e a l i t y  f a c t o r  ( n )  c a n  b e  d e t e r m i n e d  f r o m  
t h e  s l o p e  o f  t h e  s a m e  g r a p h  a t  V > 3 k T / q .
T h e  effect o f  t u n n e l l i n g  is i m p o r t a n t  w h e n  t h e  p o t e n t i a l  b a r r i e r  is t h i n  (<C100A) 
[88]. T u n n e l l i n g  t a k e s  p l a c e  w h e n  t h e  s e m i c o n d u c t o r  is d o p e d  a t  h i g h  c o n c e n t r a ­
t i o n s  o r  t h e  b a r r i e r  is u n d e r  a  l a r g e  r e v e r s e  b i a s .  I n  m o d e r a t e l y  d o p e d  s e m i c o n -  
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d u c t o r  ( s a y  5 x 1 0  / c m  i n  n - S i )  t h e  t h e r m i o n i c - f i e l d  e m i s s i o n  p r o c e s s  m a y  t a k e  
p l a c e  a t  a n  e n e r g y  w h e r e  t h e r m a l l y  e x c i t e d  e l e c t r o n s  s e e  a  t h i n n e r  a n d  l o w e r  b a r ­
rier a n d  t h e r e f o r e  c a n  p e n e t r a t e  t h r o u g h  t h e  b a r r i e r .  B e c a u s e  o f  t h e  d e p e n d e n c e  
o f  t h e  t u n n e l l i n g  c u r r e n t  o n  t h e  e l e c t r i c  field t h e  i d e a l i t y  f a c t o r  is c o n s i d e r a b l y  
g r e a t e r  t h a n  u n i t y .  F o r  a  d e g e n e r a t e  s e m i c o n d u c t o r  w h e r e  t h e  F e r m i  l e v e l  lies i n
IQ »
t h e  c o n d u c t i o n  b a n d  ( d o p i n g  «  1 0  / c m  i n  n - S i )  field e m i s s i o n  c a n  o c c u r  a t  l o w  
t e m p e r a t u r e s ,  b y  w h i c h  e l e c t r o n s  c a n  t u n n e l  a t  t h e  F e r m i  level.
A n o t h e r  p r o c e s s  w h i c h  e f fects t h e  i d e a l  p e r f o r m a n c e  o f  t h e  S c h o t t k y  d i o d e  is t h e  
g e n e r a t i o n  a n d  r e c o m b i n a t i o n  o f  e l e c t r o n s  a n d  h o l e s  i n  t h e  d e p l e t i o n  r e g i o n .  T h i s  
effect is i m p o r t a n t  i n  h i g h  b a r r i e r  d e v i c e s  a n d  i n  m a t e r i a l s  w i t h  s h o r t  life t i m e s  
(rr ), s u c h  a s  g a l l i u m  a r s e n i d e .  T h e  c u r r e n t  d e n s i t y  d u e  t o  t h i s  e ffect is g i v e n  
a p p r o x i m a t e l y  b y
J r  =  J r 0 { e x p ( q V / 2 k T )  -  1 }  (2.6)
w h e r e  J r Q = q n $  W / 2 r r . T h e  r a t i o  o f  t h e  t h e r m i o n i c  e m i s s i o n  t o  t h e  r e c o m b i n a t i o n  
c u r r e n t  a t  f o r w a r d  b i a s  v o l t a g e s  g r e a t e r  t h a n  4 k T / q  ( V > 4 k T / q )  is p r o p o r t i o n a l  
t o  r r  e x p { q ( E g  +  V  —  2 (f) j} ) / 2 k T } .  T h e r e f o r e  t h e  r e c o m b i n a t i o n - g e n e r a t i o n  c u r r e n t  
w h i c h  c a u s e s  d e p a r t u r e  f r o m  t h e  i d e a l  b e h a v i o u r  o f  S c h o t t k y  b a r r i e r s  is m o r e  i m ­
p o r t a n t  i n  h i g h  b a r r i e r s ,  i n  m a t e r i a l s  w i t h  l o w  l i f e t i m e s  a n d  a t  l o w  f o r w a r d  b i a s
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v o l t a g e s .  T h e  effect o f  b u l k  r e s i s t a n c e  m u s t  a l s o  b e  c o n s i d e r e d  a s  t h e  a c t u a l  
v o l t a g e  d r o p  a c r o s s  t h e  c o n t a c t  c a n  b e  d i f f e r e n t  f r o m  t h e  a p p l i e d  v o l t a g e .
I n  S c h o t t k y  d i o d e s  m a d e  f r o m  l i g h t l y  d o p e d  a n d  h i g h l y  r e s i s t i v e  s e m i c o n d u c t o r s  
a n d  m e t a l s  t h a t  f o r m  l a r g e  b a r r i e r s ,  t h e  p r o c e s s  o f  c o n d u c t i v i t y  m o d u l a t i o n  c a n  
o c c u r  a s  a  r e s u l t  o f  h o l e  ( m i n o r i t y  c a r r i e r )  i n j e c t i o n .  T h e  h i g h  b a r r i e r  h e i g h t  r e s ­
u l t s  i n  t h e  r e g i o n  o f  t h e  s e m i c o n d u c t o r  a d j a c e n t  t o  t h e  m e t a l  b e c o m i n g  p - t y p e .  
T h e  e x c e s s  h o l e s  d i f f u s e  i n t o  t h e  n e u t r a l  r e g i o n  o f  t h e  s e m i c o n d u c t o r  a n d  r e s u l t  
i n  a n  i n c r e a s e  i n  t h e  e l e c t r o n  c o n c e n t r a t i o n  t o  m a i n t a i n  c h a r g e  n e u t r a l i t y .  T h i s  
c a u s e s  t h e  s e r i e s  r e s i s t a n c e  o f  t h e  d i o d e  t o  d e c r e a s e .  T h e  c o n t r i b u t i o n  o f  t h i s  
effect i n  S c h o t t k y  d i o d e s  is u s u a l l y  n e g l i g i b l e .  H o w e v e r ,  t o  r e d u c e  t h e  i n j e c t i o n  
r a t i o  a  m e t a l - s e m i c o n d u c t o r  s y s t e m  w i t h  s m a l l  b a r r i e r  h e i g h t ,  l a r g e  b a n d g a p  a n d  
l a r g e  d o p i n g  c o n c e n t r a t i o n  m u s t  b e  u s e d  [86, 87].
It h a s  b e e n  s h o w n  t h a t  a t  l a r g e  f o r w a r d  b i a s  t h e  drift c o m p o n e n t  o f  t h e  m i n o r i t y  
c a r r i e r s  s i g n i f i c a n t l y  i n c r e a s e s  s i n c e  t h e  e l e c t r i c  field i n  t h e  q u a s i - n e u t r a l  r e g i o n  
o f  t h e  s e m i c o n d u c t o r  i n c r e a s e s  [89]. T h e r e f o r e  a t  v e r y  l a r g e  c u r r e n t s  t h e  i n j e c t i o n  
r a t i o  rises l i n e a r l y  w i t h  J. T h e  criti c a l  c u r r e n t  d e n s i t y  f o r  t h i s  p h e n o m e n o n  t o  
h a p p e n  is g i v e n  b y  J c  =  q D e N ^ / L  w h e r e  L  is t h e  t h i c k n e s s  o f  t h e  q u a s i - n e u t r a l
 O
r e g i o n .  I n  p r a c t i c a l  d i o d e s  J c  is o f  t h e  o r d e r  1 0  A c m  [86]. T h e  i n j e c t i o n  r a t i o  
e v e n t u a l l y  s a t u r a t e s  a n d  d e c r e a s e s  w i t h  c u r r e n t .  F o r  a m o r p h o u s  s e m i c o n d u c t o r s  
w i t h  m u c h  l o w e r  d i f f u s i o n  c o n s t a n t  t h e  critical c u r r e n t  m u s t  b e  m u c h  l o w e r .  
U n d e r  r e v e r s e  b i a s  t h e r m i o n i c  e m i s s i o n  t h e o r y  p r e d i c t s  t h e  s a t u r a t i o n  o f  r e v e r s e
. 9
c u r r e n t  a t  t h e  v a l u e  J Q =  A  T  e x p ( — q f y / k T ) .  T h i s  s a t u r a t i o n  is n o t  o b s e r v e d  
i n  p r a c t i c a l  S c h o t t k y  c o n t a c t s  s i n c e  t h e  b a r r i e r  h e i g h t  is a  f u n c t i o n  o f  t h e  m a x ­
i m u m  e l e c t r i c  field s t r e n g t h  (E m a x )• T h e  i m a g e  f o r c e  is a  s o u r c e  o f  l o w e r i n g  
t h e  b a r r i e r  h e i g h t .  T h e  b a r r i e r  l o w e r i n g  d u e  t o  t h i s  effect is a  f u n c t i o n  o f  V ^ /4 
(A<h y 1/4). T h e r e f o r e  a  g r a p h  o f  r e v e r s e  c u r r e n t  a g a i n s t  v j / 4 is l i n e a r  a n d  
its i n t e r c e p t  w i t h  t h e  I n J  a x i s  g i v e s  J Q .
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I n  t h e  r e v e r s e  d i r e c t i o n  t h e  effect o f  t u n n e l l i n g  t h r o u g h  t h e  b a r r i e r  c a n  b e c o m e  
s i g n i f i c a n t  a t  l o w e r  d o p i n g  c o n c e n t r a t i o n s  w h e n  a  l a r g e  r e v e r s e  b i a s  is a p p l i e d  a n d  
t h e  d e p l e t i o n  r e g i o n  is t h i n n e r .  T h e r e f o r e  c o m p a r e d  w i t h  t h e  f o r w a r d  d i r e c t i o n  
t h e r m i o n i c - f i e l d  e m i s s i o n  a n d  field e m i s s i o n  c a n  t a k e  p l a c e  a t  l o w e r  d o p i n g  l evels 
a t  t h e  s a m e  t e m p e r a t u r e  p r o v i d e d  t h e  r e v e r s e  b i a s  is h i g h  e n o u g h .  It is p o s s i b l e  
t h a t  d u e  t o  t h e  t u n n e l l i n g  effect t h e  r e v e r s e  c u r r e n t  e x c e e d s  t h e  f o r w a r d  c u r r e n t  
a t  l o w  b i a s  v o l t a g e s  [86].
I n  a d d i t i o n  t o  t h e  a b o v e  ef f e c t s  t h e  g e n e r a t i o n  o f  e l e c t r o n - h o l e  p a i r s  i n  t h e  d e ­
p l e t i o n  r e g i o n  h a s  a n  a p p r e c i a b l e  ef f e c t  o n  t h e  r e v e r s e  c u r r e n t  [86, 87]. T h e  
c u r r e n t  d u e  t o  g e n e r a t i o n  i n c r e a s e s  a s  t h e  r e v e r s e  v o l t a g e  is i n c r e a s e d  b e c a u s e  
o f  t h e  i n c r e a s e  i n  t h e  d e p l e t i o n  w i d t h .  T h i s  p h e n o m e n o n  is m o r e  i m p o r t a n t  i n  
h i g h  b a r r i e r s  a n d  i n  l o w - l i f e t i m e  s e m i c o n d u c t o r s .  A t  l o w  t e m p e r a t u r e s  t h i s  effect 
b e c o m e s  r e l a t i v e l y  m o r e  s i g n i f i c a n t  c o m p a r e d  w i t h  t h e  t h e r m i o n i c - e m i s s i o n  c o m ­
p o n e n t .
A n  i n t e r f a c i a l  l a y e r  ( u s u a l l y  o x i d e )  a l s o  i n f l u e n c e s  t h e  d e v i a t i o n  f r o m  i d e a l  p e r ­
f o r m a n c e  o f  t h e  m e t a l - s e m i c o n d u c t o r  c o n t a c t  [86]. It c a u s e s  t h e  b a r r i e r  h e i g h t  
b e i n g  l o w e r  t h a n  t h a t  w i t h o u t  t h e  i n t e r f a c i a l  la y e r .  T h e  b i a s  v o l t a g e  d r o p p e d  
a c r o s s  t h i s  l a y e r  r e s u l t s  i n  t h e  b a r r i e r  h e i g h t  b e i n g  m o r e  d e p e n d e n t  o n  t h e  b i a s  
v o l t a g e .  A n  i d e a l i t y  f a c t o r  d u e  t o  t h i s  e ffect c a n  b e  i n t r o d u c e d  w h i c h  i n c r e a s e s  
w i t h  i n c r e a s i n g  t h e  t h i c k n e s s  o f  t h e  i n t e r f a c i a l  layer. T h e  i n t e r f a c i a l  l a y e r  a l s o  
i n c r e a s e s  t h e  m i n o r i t y - c a r r i e r - i n j e c t i o n  r a t i o  u n d e r  f o r w a r d  b i a s  s i n c e  t h e  h o l e  
c u r r e n t  is d e t e r m i n e d  b y  d i f f u s i o n  i n  t h e  n e u t r a l  r e g i o n  o f  t h e  s e m i c o n d u c t o r  
w h i c h  is r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  p r e s e n c e  o f  a n  i n t e r f a c i a l  l a y e r ,  w h i l e  t h e  
e l e c t r o n  c u r r e n t  is r e s t r i c t e d  b y  t u n n e l l i n g  t h r o u g h  t h i s  la y e r .  I n  t h e  r e v e r s e  
d i r e c t i o n ,  t h e  e f f e c t i v e  b a r r i e r  h e i g h t  d e c r e a s e s  w i t h  i n c r e a s i n g  b i a s .  T h u s  t h e  
r e v e r s e  c u r r e n t  d o e s  n o t  s a t u r a t e  i n  t h e  p r e s e n c e  o f  a n  i n t e r f a c i a l  la y e r .
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I n  c o n c l u s i o n ,  if t h e  d e p a r t u r e  o f  t h e  i d e a l i t y  f a c t o r  f r o m  u n i t y  is d u e  t o  i m a g e -  
f o r c e  l o w e r i n g  o r  t h e  p r e s e n c e  o f  a n  i n t e r f a c i a l  l a y e r ,  t h e  i d e a l i t y  f a c t o r  s h o u l d  b e  
i n d e p e n d e n t  o f  t e m p e r a t u r e .  O n  t h e  o t h e r  h a n d ,  t h e  i d e a l i t y  f a c t o r  is t e m p e r ­
a t u r e  d e p e n d e n t  if it a r i s e s  f r o m  t h e r m i o n i c - f i e l d  e m i s s i o n  o r  f r o m  t h e  effect o f  
r e c o m b i n a t i o n  i n  t h e  s p a c e - c h a r g e  r e g i o n .
F i n a l l y  t h e  effect o f  s u r f a c e  s t a t e s  o f  t h e  s e m i c o n d u c t o r  o n  t h e  b a r r i e r  h e i g h t  
m u s t  b e  c o n s i d e r e d  [87, 90]. I n  t h e  a b s e n c e  o f  s u r f a c e  s t a t e s  t h e  b a r r i e r  h e i g h t  
( § B n )  1S a  f u n c t i o n  o f  t h e  m e t a l  w o r k  f u n c t i o n  (<Lm ) a n d  e l e c t r o n  a f f i n i t y  o f  t h e  
s e m i c o n d u c t o r  (x)
Q < f> B n  =  q ( $ m - X ) - q & §  (2-7)
w h e r e  A < h  is t h e  b a r r i e r  l o w e r i n g .  I n  p r a c t i c a l  c a s e  w h e r e  s u r f a c e  s t a t e s  a r e  
p r e s e n t ,  t h e  b a r r i e r  h e i g h t  a p p r o a c h e s  t h e  v a l u e
=  ( E g - q $ o ) - q & $  (2 .8 )
w h e r e  <L0 is t h e  e n e r g y  le v e l  a t  t h e  s u r f a c e .  I n  t h i s  c a s e  t h e  b a r r i e r  h e i g h t  is i n d e ­
p e n d e n t  o f  t h e  m e t a l  w o r k  f u n c t i o n  a n d  is d e t e r m i n e d  o n l y  b y  d o p i n g  a n d  s u r f a c e  
p r o p e r t i e s  o f  t h e  s e m i c o n d u c t o r .  T h i s  s i t u a t i o n  is e q u i v a l e n t  t o  t h e  p i n n i n g  o f  
t h e  F e r m i  l e v e l  a t  t h e  i n t e r f a c e  a t  t h e  v a l u e  q < h Q  a b o v e  t h e  v a l e n c e  b a n d .  T h e  
v a l u e  o f  q < F 0 f o r  s o m e  s e m i c o n d u c t o r s  i n c l u d i n g  s i l i c o n  is v e r y  c l o s e  t o  o n e - t h i r d  
o f  t h e  b a n d g a p .
A n  a p p r o p r i a t e  h e a t  t r e a t m e n t  o n  m e t a l / s i l i c o n  c o n t a c t s  u s u a l l y  r e s u l t s  i n  a  
silicide l a y e r  f o r m e d  o n  t o p  o f  s i l i c o n  ( s e c t i o n  2.3). T h e r e f o r e  t h e  m e t a l - s i l i c o n  
i n t e r f a c e  is r e p l a c e d  w i t h  a  silicide- s i l i c o n  i n t e r f a c e .  M o s t  silicides e x h i b i t  m e t a l l i c  
c o n d u c t i v i t y  a n d  t h e r e f o r e  s i l i cide-silicon c o n t a c t s  u s u a l l y  b e h a v e  like a  m e t a l -  
s i l i c o n  c o n t a c t  a n d  s h o w  r e c t i f y i n g  p r o p e r t i e s  [91]. T h e  f o r m a t i o n  o f  i n t e r f a c i a l  
silicide l a y e r s  a r e  o f  g r e a t  i n t e r e s t  b e c a u s e  i n  g e n e r a l  silicide-silicon i n t e r f a c e s  a r e  
p h y s i c a l l y  a n d  e l e c t r i c a l l y  v e r y  s t a b l e .
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S c h o t t k y  b a r r i e r s  o n  h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  h a v e  b e e n  u s e d  e x ­
t e n s i v e l y  i n  t h e  f a b r i c a t i o n  o f  d e v i c e s  s u c h  a s  l i n e a r  s e n s o r  a r r a y s  a n d  h i g h l y  
efficient s o l a r  cells [72], P t  a n d  P d  S c h o t t k y  b a r r i e r s  i n  a - S i  h a v e  b e e n  s t u d i e d  
b y  W r o n s k i  e t  al [92] a n d  s h o w n  t h a t  n e a r  i d e a l  d i o d e  c h a r a c t e r i s t i c s  w i t h  b a r r i e r  
h e i g h t s  o f  1 . 1 - 1 . 2  e V  c a n  b e  o b t a i n e d  f o r  t h e s e  s y s t e m s .  It h a s  b e e n  s h o w n  t h a t  
f o r  d i f f e r e n t  m e t a l s  w i t h  a  w i d e  r a n g e  o f  w o r k  f u n c t i o n s ,  t h e  d e n s i t i e s  o f  s u r f a c e
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s t a t e s  o n  a - S i : H  a r e  > 1 0  c m  e V  . T h e s e  s u r f a c e  s t a t e s  r e s u l t  i n  t h e  p i n n i n g  
o f  t h e  b a r r i e r  h e i g h t  t o  v a l u e s  > 0 . 7  e V  e v e n  f o r  m e t a l s  w i t h  l o w  w o r k  f u n c t i o n s  
s u c h  a s  C r  a n d  A l  [93].
T s a i  e t  al [67] h a v e  i n d i c a t e d  t h a t  t h e  g r o w t h  o f  silicide o r  i n t e r m i x e d  p h a s e s  a t  
t h e  i n t e r f a c e s  o f  P d ,  P t  a n d  A u  a r e  a c c o m p a n i e d  b y  a n  i m p r o v e m e n t  i n  d i o d e  
i d e a l i t y  f a c t o r  a n d  m o d i f i c a t i o n  o f  b a r r i e r  h e i g h t .  A n  i d e a l i t y  f a c t o r  o f  1 . 0 3  c a n  
b e  o b t a i n e d  i n  s o m e  c a s e s .  T h e  S c h o t t k y  b a r r i e r s  a r e  a l s o  s t a b l e .  F o r  a  A u  
S c h o t t k y  b a r r i e r  a n  i d e a l i t y  f a c t o r  o f  1 . 1 1  w a s  o b t a i n e d  a f t e r  s i n t e r i n g  a t  2 2 0 °  C  
f o r  m o r e  t h a n  3  m i n u t e s .  T h e  b a r r i e r  h e i g h t  o f  1 . 0 7  e V  f o r  a s - d e p o s i t e d  s a m p l e  
i n c r e a s e s  t o  1 .1  e V  f o r  t h e  s a m p l e s  s i n t e r e d  a t  2 2 0 ° C  f o r  3  m i n u t e s  [72]. T h e s e  
i m p r o v e m e n t s  a r e  d u e  t o  t h e  d e c r e a s e  i n  t h e  s u r f a c e  d e f e c t s  o n  a - S i  b e c a u s e  t h e  
S c h o t t k y  i n t e r f a c e  is s h i f t e d  i n t o  t h e  b u l k  a - S i  b y  s i n t e r i n g .  T h e  r e v e r s e  c h a r ­
a c t e r i s t i c s  s h o w  d e t e r i o r a t i o n  w i t h  s i n t e r i n g  w h i c h  is d u e  t o  t h e  f o r m a t i o n  o f  a n  
u n e v e n  A u - S i  i n t e r f a c e  r a t h e r  t h e n  a  d e c r e a s e  i n  t h e  b a r r i e r  h e i g h t  [72].
F o r  C r  a n d  N i  o n  a-Si, t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  s h o w  little c h a n g e s  
w i t h  s i n t e r i n g  a t  2 2 0 ° C .  T h e  a s - d e p o s i t e d  s a m p l e s  o f  t h e s e  s y s t e m s  d o  n o t  s h o w  
i d e a l  S c h o t t k y  c h a r a c t e r i s t i c s .  It h a s  a l s o  b e e n  s h o w n  t h a t  a  s t a b l e  a n d  r e l i a b l e  
e l e c t r o d e  is a t t a i n e d  b e t w e e n  e i t h e r  C r  o r  N i  a n d  a - S i  [72].
T h e  M o l y b d e n u m / h y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  S c h o t t k y  b a r r i e r  h a s  b e e n
2.7 The properties of Schottky barriers on a-Si:H
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s h o w n  t o  b e  s u i t a b l e  f o r  d r i v i n g  l i q u i d  c r y s t a l  cells [9]. F o r  a n  A l / n - a - S i / i - a -  
S i / M o / g l a s s  s t r u c t u r e  w i t h  t h e  t h i c k n e s s  o f  t h e  u n d o p e d  a - S i : H  l a y e r  o f  4 5 0 n m ,
9 Q
a  c u r r e n t  d e n s i t y  u p  t o  1 . 5  A / c m  a n d  a  r e c t i f i c a t i o n  r a t i o  o f  10 a t  ± 2  V  b i a s
v o l t a g e  h a v e  b e e n  o b t a i n e d .  T h e  b r e a k d o w n  v o l t a g e  is g r e a t e r  t h a n  2 0 V  a n d  t h e
i d e a l i t y  f a c t o r  is a r o u n d  1 . 3  . It c a n  a l s o  o p e r a t e  a t  a  s w i t c h i n g  f r e q u e n c y  o f
1 0  M H z  w i t h o u t  a p p r e c i a b l e  d i s t o r t i o n .
A  s c h e m a t i c  b a n d  d i a g r a m  o f  a  m e t a l / a - S i : H  S c h o t t k y  b a r r i e r  b e f o r e  a n d  a f t e r  
t h e  e l e c t r i c a l  c o n t a c t  is s h o w n  i n  f i g u r e  2 . 9  . I n  t h i s  s i m p l e  m o d e l  t h e  b a r r i e r  
h e i g h t  o f  t h e  c o n t a c t  (4>n  =  ® B n )  is t h e  d i f f e r e n c e  b e t w e e n  t h e  m e t a l  w o r k  f u n c ­
t i o n  (4>m ) a n d  e l e c t r o n  affin i t y  o f  t h e  s e m i c o n d u c t o r ( x s ). V j  is t h e  d i f f u s i o n  
p o t e n t i a l ,  E ^ a  is t h e  b u l k  a c t i v a t i o n  e n e r g y  a n d  W  is t h e  w i d t h  o f  t h e  d e p l e t i o n  
l ayer. T h e  b a r r i e r  h e i g h t  is s l i g h t l y  a f f e c t e d  b y  i m a g e  f o r c e  l o w e r i n g  w h i c h  is n o t  
s h o w n  i n  t h i s  m o d e l .  H o w e v e r  t h i s  effect is n e g l i g i b l e  c o m p a r e  w i t h  t h e  effect 
o f  s u r f a c e  s t a t e s .  M o r e o v e r ,  a n  i n t e r f a c i a l  l a y e r  u s u a l l y  f o r m e d  o n  t o p  o f  t h e  
s e m i c o n d u c t o r  b e f o r e  d e p o s i t i n g  o f  t h e  m e t a l  l a y e r  r e s u l t s  i n  t h e  b a r r i e r  h e i g h t  
b e i n g  d e p e n d e n t  o n  t h e  a p p l i e d  v o l t a g e  [86]. T h e  b a c k  c o n t a c t  c o n s i s t s  o f  a  
m e t a l / n -1- a - S i : H  c o n t a c t  w i t h  a  v e r y  l o w  d e p l e t i o n  w i d t h  ( W < 1 0 n m )  t h r o u g h  
w h i c h  t u n n e l l i n g  o f  e l e c t r o n s  c a n  e a s i l y  t a k e  p l a c e .  T h i s  c o n f i g u r a t i o n  r e p r e s e n t s  
a  l o w  r e s i s t a n c e  c o n t a c t  a n d  its effect o n  t h e  b e h a v i o u r  o f  t h e  S c h o t t k y  c o n t a c t  
is n e g l i g i b l e  [86, 94]. T h e  p r e s e n c e  o f  c h a r g e d  v o i d s  a n d  c o n t a m i n a t i o n  a t  t h e  
m e t a l / a ~ S i : H  s u r f a c e  r e s u l t  i n  a  s p a t i a l  f l u c t u a t i o n  o f  t h e  b a r r i e r  h e i g h t  a n d  c a n  
s t r o n g l y  i n f l u e n c e  t h e  t r a n s p o r t  a c r o s s  t h e  S c h o t t k y  c o n t a c t .  F o r  d e v i c e - q u a l i t y  
p e r f o r m a n c e  o f  a  S c h o t t k y  d i o d e  t h e  r o u g h n e s s  o f  a - S i : H  s u r f a c e  m u s t  b e  o f  t h e  
o r d e r  o f  0 . 5 - 1 . 0  n m  [35, 3 7 ,  86].
H e a t  t r e a t m e n t s  o n  m e t a l / a - S i : H  s y s t e m s  m a y  r e s u l t  i n  t h e  f o r m a t i o n  o f  a n  i n t e r ­
m i x e d  l a y e r  a t  t h e  i n t e r f a c e .  I n  s o m e  c a s e s  t h e  i n t e r f a c e  is a n  a m o r p h o u s  silicide 
p h a s e  ( s e c t i o n  2.5). A  S c h o t t k y  b a r r i e r  is u s u a l l y  f o r m e d  b e t w e e n  t h e  a m o r p h o u s
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VACUUM LEVEL
F i g .  2.9. s c h e m a t i c  b a n d  d i a g r a m  o f  a  m e t a l / a - S i : H  c o n t a c t  [35]
i n t e r l a y e r  a n d  u n d o p e d  a ~ S i : H  a n d  t h e  effect o f  h e a t  t r e a t m e n t  o n  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  t h e  S c h o t t k y  b a r r i e r  is t h o u g h t  t o  b e  a l m o s t  n e g l i g i b l e  [66].
T h e r e  a r e  d e e p  s t a t e s  i n  t h e  b a n d  g a p  o f  - S i : H  w h i c h  c a n  p l a y  a n  i m p o r t a n t  r o l e  
i n  t h e  c o n d u c t i o n  m e c h a n i s m  ( f i g u r e s  2 . 1  a n d  2.9). T h e s e  s t a t e s  a r i s e  f r o m  sil­
i c o n  d a n g l i n g  b o n d s  a n d  c a n  c o m p e n s a t e  a n y  d o n o r s  o r  a c c e p t o r s .  T h e  n u m b e r  
o f  d a n g l i n g  b o n d  s t a t e s  is a  c o m p l i c a t e d  f u n c t i o n  o f  t h e  F e r m i  level. A n n e a l i n g  
a t  h i g h  t e m p e r a t u r e s  c a n  r e m o v e  d a n g l i n g  b o n d  s t a t e s  a n d  i m p r o v e  t h e  i d e a l i t y  
f a c t o r  o f  t h e  S c h o t t k y  c o n t a c t .
2 . 8  T r a n s p o r t  m e c h a n i s m s  i n  a - S i : H  S c h o t t k y  b a r r i e r s
T h e r e  a r e  t w o  m a i n  m e c h a n i s m s  f o r  m a j o r i t y  c a r r i e r  t r a n s p o r t  i n  S c h o t t k y  
b a r r i e r s :  t h e r m i o n i c  e m i s s i o n  a n d  d i f f u s i o n .  I n  g e n e r a l ,  it s e e m s  t h a t  t h e r m i o n i c  
e m i s s i o n  t h e o r y  is n o t  a p p l i c a b l e  t o  m e t a l / a - S i : H  S c h o t t k y  c o n t a c t s ,  b e c a u s e  o f
o _1  i
t h e  v e r y  l o w  e l e c t r o n  m o b i l i t y  o f  a - S i : H  ( p e  w  1 -2  c m  V  s  ). T h e  t h e r m a l
7  A.
v e l o c i t y  (10 c m / s )  a n d  d r i f t - d i f f u s i o n  v e l o c i t y  (10 c m / s )  s u g g e s t  t h a t  t h e  drift- 
d i f f u s i o n  t h e o r y  is p r e f e r r e d  f o r  a - S i : H  S c h o t t k y  c o n t a c t s .  W e  h a v e  m e n t i o n e d
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e a r l i e r  t h a t  a c c o r d i n g  t o  B e t h e ’s t h e o r y  t h e  c o n d i t i o n  f o r  v a l i d i t y  o f  t h e r m i o n i c  
e m i s s i o n  t h e o r y  is t h a t  t h e  e l e c t r o n  m e a n  f r e e  p a t h  ( A f p )  m u s t  b e  g r e a t e r  t h a n  
t h e  d i s t a n c e  d ^  ( d x  = k T / q E ™ aa;) i n  w h i c h  t h e  b a r r i e r  falls b y  k T  f r o m  its m a x ­
i m u m  v a l u e  [86]. T h i s  c r i t e r i o n  is n o t  s a t i s f i e d  i n  a - S i : H  ( A f p  < C  d ^ )  [35] e x c e p t  
u n d e r  l a r g e  r e v e r s e  b i a s  w h e n  E m a x  is h i g h .  R h o d e r i c k  [85] b e l i e v e s  t h a t  t h i sSC
c o n d i t i o n  is u n d u l y  s e v e r e  f o r  t h e  v a l i d i t y  o f  t h i s  t h e o r y  a n d  e v e n  c o m p a r a t ­
i v e l y  l o w - m o b i l i t y  s e m i c o n d u c t o r s  f o l l o w  t h e  t h e r m i o n i c  e m i s s i o n  t h e o r y .  S o m e  
r e p o r t s ,  h o w e v e r ,  s u g g e s t  t h a t  i n  s o m e  c a s e s  b o t h  t h e r m i o n i c - e m i s s i o n  a n d  dif­
f u s i o n  m e c h a n i s m s  o c c u r  s i m u l t a n e o u s l y  i n  a m o r p h o u s  s i l i c o n  S c h o t t k y  b a r r i e r s  
[66, 9 5 ,  9 6 ,  9 7 ,  98]. T h e r m i o n i c  field e m i s s i o n  is m u c h  m o r e  l i k e l y  u n d e r  r e v e r s e  
b i a s  c o n d i t i o n  b e c a u s e  t h e  field is g r e a t e r .  O t h e r  m e c h a n i s m s  i n f l u e n c e  t h e  t r a n s ­
p o r t  b e h a v i o u r  o f  m e t a l - a - S i : H  b a r r i e r s  a r e  r e c o m b i n a t i o n  a n d  m i n o r i t y  c a r r i e r  
i n j e c t i o n  [35, 8 7 ,  9 9 ,  1 0 0 ,  101 ] .
I n  f o r w a r d  b i a s ,  J - V  c h a r a c t e r i s t i c s  o f  m e t a l / a - S i : H  S c h o t t k y  d i o d e s  c o n s i s t s  o f  
t w o  d i f f e r e n t  r e g i o n s .  A t  l o w  f o r w a r d  v o l t a g e s  t h e  c u r r e n t  d e n s i t y  is d e s c r i b e d  b y  
t h e  d i f f u s i o n  o f  e l e c t r o n s  i n  t h e  s p a c e - c h a r g e  r e g i o n  ( b a r r i e r  c o n t r o l l e d  r e g i o n )  b y  
t h e  e x p o n e n t i a l  f u n c t i o n  a s  [85, 86, 8 7 ,  9 7 ,  9 9 ,  1 0 2 ]
=  £ E L n  J .  ( y .  >  3 (2.9)
g Jo
w h e r e  n  is t h e  i d e a l i t y  f a c t o r  a n d  J D  is t h e  s a t u r a t i o n  c u r r e n t  d e n s i t y  a t  z e r o  
v o l t a g e .  A t  h i g h e r  f o r w a r d  v o l t a g e s  ( > 0 . 7 V ) ,  t h e  effect o f  t h e  b u l k  o u t s i d e  t h e  
d e p l e t i o n  r e g i o n  b e c o m e s  d o m i n a n t ,  b e c a u s e  o f  t h e  h i g h  r e s i s t i v i t y  o f  a - S i : H .  A s  a  
r e s u l t ,  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  s h o u l d  b e  l i n e a r  i n  t h i s  r e g i o n .  H o w e v e r ,  
i n  p r a c t i c e  n o n l i n e a r  ( p o w e r  l a w )  b e h a v i o u r  is o b s e r v e d  f o r  m e t a l s  w i t h  h i g h  w o r k  
f u n c t i o n s  w h i c h  is a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  s p a c e - c h a r g e  o r  m i n o r i t y  c a r r i e r  
i n j e c t i o n  f r o m  t h e  m e t a l  t o  t h e  q u a s i - n e u t r a l  r e g i o n  [35, 1 0 2 ,  1 0 3 ] .  F i g u r e  2 . 1 0  
s h o w s  t h e  v a r i a t i o n s  o f  j u n c t i o n  a n d  b u l k  v o l t a g e s  w i t h  a p p l i e d  f o r w a r d  v o l t a g e
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f o r  a  P d - I - N +  a - S i : H  s t r u c t u r e  w i t h  d i f f e r e n t  i- l a y e r  t h i c k n e s s e s  [102]. F o r  l o w  
v o l t a g e s  ( < 0.2 V )  t h e  e ffect o f  t h e  b u l k  is n e g l i g i b l e  a n d  t h e  c h a r a c t e r i s t i c s  a r e  
d e f i n e d  b y  t h e  b a r r i e r  r e g i o n .
T h e  s a t u r a t i o n  c u r r e n t  d e n s i t y  a t  z e r o  a p p l i e d  v o l t a g e  ( J Q ) f o r  d i f f u s i o n  m e c h a n ­
i s m  is g i v e n  b y  [35, 8 7 ,  1 0 2 ]
J D  =  qNcfj,cBmax e x p  ( 2 . 1 0 )
w h e r e  E r n a x  =  q N Q W / e s . If t h e r m i o n i c  e m i s s i o n  t h e o r y  a p p l i e s ,  t h e  c u r r e n t  
d e n s i t y  J Q  is e x p r e s s e d  a s
J a  =  A * T 2e x p ( — 5$  jj /  ( 2 . 1 1 )
w h e r e  A *  is R i c h a r d s o n ’s  c o n s t a n t  a n d  is t h e  b a r r i e r  h e i g h t  [66, 8 7 ,  9 5 ,  9 6 ,  
9 7 ,  98].
T h e  c a l c u l a t e d  b a r r i e r  h e i g h t  f r o m  J Q  is r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  p r e - e x p o n e n t i a l  
t e r m  a n d  t h e  c a l c u l a t e d  J Q  f r o m  e i t h e r  e q u a t i o n  2 . 1 0  o r  2 . 1 1  a r e  w i t h i n  a n  o r d e r  
o f  e a c h  o t h e r .  T h e r e f o r e  a u t h o r s  u s u a l l y  t e n d  t o  u s e  t h e  t h e r m i o n i c  e q u a t i o n  
( e q u a t i o n  2 .1 1 ). I n  s e c t i o n  3 . 2 . 6  a  m o r e  a c c u r a t e  e v a l u a t i o n  o f  t h e  d i f f e r e n c e  o f  
t h e s e  t w o  e q u a t i o n s  i n  o b t a i n i n g  t h e  b a r r i e r  h e i g h t  w i l l  b e  p r e s e n t e d .
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F i g .  2 .10 . v a r i a t i o n  o f  v o l t a g e s  d r o p p e d  a c r o s s  t h e  d e p l e t i o n  (V] _ )  a n d  n e u t r a l  
r e g i o n  ( V 2 ) u n d e r  e x t e r n a l  b i a s  [102].
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C h a p t e r  3
B o t h  e l e c t r i c a l  a n d  p h y s i c a l  c h a r a c t e r i s a t i o n  o f  t h e  i n t e r l a y e r  b e t w e e n  C r ,  
M o ,  a n d  C o  a n d  a ~ S i : H  f o l l o w i n g  a n  a n n e a l i n g  s t e p  a t  t e m p e r a t u r e s  b e l o w  3 5 0 ° C  
w e r e  u n d e r t a k e n .  T h e  m a x i m u m  t e m p e r a t u r e  w a s  c h o s e n  t o  c o r r e s p o n d  w i t h  a  
m a x i m u m  p r o c e s s i n g  t e m p e r a t u r e ,  b e l o w  w h i c h  all t h e  h y d r o g e n  c o n t e n t  is r e ­
t a i n e d  i n  t h e  m a t e r i a l  [4]. T h i s  r a n g e  o f  t e m p e r a t u r e  is a l s o  b e l o w  t h e  m e l t i n g  
p o i n t  o f  t h e  g l a s s  s u b s t r a t e .  A n o t h e r  i m p o r t a n t  r e a s o n  w h i c h  w i l l  b e  d i s c u s s e d  
l a t e r  is t h a t  b e l o w  3 0 0 ° C  t h e  silicide p h a s e  is a m o r p h o u s  w h i l e  a b o v e  3 0 0 ° C  it 
b e c o m e s  m i c r o c r y s t a l l i n e .
S a m p l e s  w e r e  m a d e  u s i n g  a - S i : H  o f  a p p r o p r i a t e  t h i c k n e s s  (1 o r  2  / / m )  d e p o s i t e d  
o n  a  g l a s s  s u b s t r a t e .  H y d r o g e n a t e d  a m o r p h o u s  s i l i c o n  l a y e r s  w e r e  d e p o s i t e d  o n t o  
g l a s s  s u b s t r a t e  u s i n g  P E C V D  f r o m  s i l a n e  ( S i H ^  a n d  h y d r o g e n  w i t h  s u b s t r a t e  
t e m p e r a t u r e s  i n  t h e  r a n g e  1 5 0  t o  2 5 0 ° C .  M o s t  l a y e r s  h a d  a  t h i c k n e s s  o f  1 m i c r o n  
a n d  w e r e  d e p o s i t e d  a t  2 5 0 ° C  w h e r e  t h e  h y d r o g e n  c o n t e n t  w a s  ^  9  a t % .  J u s t  
p r i o r  t o  l o a d i n g  i n t o  a  s p u t t e r i n g  c h a m b e r ,  t h e  l a y e r s  w e r e  d i p - e t c h e d  i n  10 :1 
b u f f e r e d  H F  f o r  2 0  s e c o n d s  t o  c l e a n  t h e  s u r f a c e  f r o m  c o n t a m i n a t i o n  a n d  r e m o v e  
a n y  o x i d e .
C h r o m i u m  l a y e r s  e i t h e r  2 5  n m  o r  6 0  n m  t h i c k  w e r e  s p u t t e r  d e p o s i t e d  f o r  2 . 5  t o  3  
m i n u t e s  u s i n g  a r g o n  a s  t h e  c a r r i e r  g a s .  M o s t  o f  t h e  d e p o s i t i o n s  w e r e  m a d e  u s i n g  a  
C V C  6 0 1  m a g n e t r o n  s p u t t e r  m a c h i n e .  T h e  c h r o m i u m  t a r g e t  w a s  D . C .  s p u t t e r e d  
w i t h  3 7 0  V  o n  t a r g e t  w i t h  a n  a r g o n  c a r r i e r  g a s  a t  0.2 P a  g i v i n g  a  c u r r e n t  o f  4  A .  
T h e  b a c k g r o u n d  p r e s s u r e  w a s  <  10 - 4  P a .  T h e  l a y e r s  w e r e  d e p o s i t e d  a t  «  7  A/s
Experimental m e t h o d s
3.1 Sample Preparation
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o n t o  g r o u n d e d  s u b s t r a t e s  a t  r o o m  t e m p e r a t u r e .  A  s e c o n d  d e p o s i t i o n  m a c h i n e ,  
a  N o r d i k o  2 0 0 0  D . C .  s p u t t e r i n g  m a c h i n e  w a s  a l s o  u s e d  w i t h  s i m i l a r  p o w e r s  a n d  
v o l t a g e s .  T h e  N o r d i k o  w a s  c r y o p u m p e d .  I n  all c a s e s  t h e  c o n c e n t r a t i o n  o f  o x y g e n  
i n  t h e  C r  f i l m s  w a s  <  0 . 4  a t o m i c  p e r c e n t .  I n  s o m e  c a s e s  t h e  a - S i : H  s u r f a c e  w a s  
c l e a n e d  u s i n g  a r g o n  s p u t t e r i n g  f o r  3  m i n u t e s  a t  a n  rf p o w e r  o f  5 0 0 W  t o  r e m o v e  
i m p u r i t i e s  f r o m  t h e  s u r f a c e  ( f i g u r e  3 . 1 a ) .
A f t e r  d e p o s i t i o n ,  t h e  s a m p l e s  w e r e  a n n e a l e d  i n  n i t r o g e n  u s i n g  e i t h e r  a n  e l e c t r i c a l 
o r  o p t i c a l  f u r n a c e .  T h e  e l e c t r i c a l  f u r n a c e  h a d  a  s l o w  r e a c t i o n  t i m e  w h i l e  t h e
metal (Cr, M o, C o) 
25 nm
interlayer silicide
i a-Si:H 
1 or 2  micron
/  glass substrate /
metal (Cr, M o, C o) 
25 nm
interlayer silicide
i a-Si:H 
1 or 2 micron
n+ a-Si:H
Cr back contact
glass substrate
(a) (b )
F i g .  3.1. S c h e m a t i c  c r o s s  s e c t i o n  o f  t h e  s a m p l e s  u s e d  f o r  (a) t h e  i n v e s t i g a t i o n  
o f  silicide f o r m a t i o n  a n d  ( b )  t h e  s t u d y  o f  e l e c t r i c a l  b e h a v i o u r  o f  t h e  silicide
o p t i c a l  f u r n a c e  r e a c t e d  q u i c k l y .  T h e  d e l a y  t i m e  b e t w e e n  t h e  t a r g e t  t e m p e r a t u r e
a n d  t h e  a c t u a l  t e m p e r a t u r e  o f  t h e  o v e n  w a s  a b o u t  2 0 - 3 0  m i n u t e s ,  w h i l e  it t o o k
o n l y  a  f e w  s e c o n d s  f o r  t h e  o p t i c a l  f u r n a c e  t o  r e a c h  t h e  t a r g e t  t e m p e r a t u r e .  F o r
c o m p a r i s o n  in s o m e  c a s e s  t h e  s a m p l e s  w e r e  a n n e a l e d  i n  v a c u u m  o f  b e t t e r  t h a n  
_
1 0  T o r r .  T h e  e x c e s s  c h r o m i u m  w a s  e t c h e d  a w a y  u s i n g  a  s o l u t i o n  c o n t a i n i n g
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a m m o n i u m  e e r i e  n i t r a t e ,  w a t e r  a n d  n i t r i c  a c i d  ( 1 0 0  g  : 4 9 0  m l  : 1 0  m l )  w h i c h  
p r o v i d e s  a n  e x c e l l e n t  d i f f e r e n t i a l  e t c h  b e t w e e n  c h r o m i u m  a n d  c h r o m i u m  silicide. 
E x p e r i m e n t s  s h o w e d  t h a t  t h e  r e s i d u a l  silicide a f t e r  c h r o m i u m  r e m o v a l  w a s  n o t  
s i g n i f i c a n t l y  a f f e c t e d  b y  t h e  e t c h i n g  t i m e  ( s e e  s e c t i o n  4.4.2).
M o l y b d e n u m  a n d  c o b a l t  l a y e r s  w e r e  d e p o s i t e d  i n  t h e  s a m e  w a y  a s  c h r o m i u m .  T h e  
e x c e s s  m o l y b d e n u m  w a s  e t c h e d  a w a y  u s i n g  a  m i x t u r e  o f  o r t h o p h o s p h o r i c  a c i d ,  
a c e t i c  a c i d ,  n i t r i c  a c i d  a n d  w a t e r  w i t h  a  v o l u m e  r a t i o  o f  4 0 0 : 2 5 : 2 5 : 5 0 .  T h e  c o b a l t  
e t c h a n t  c o n t a i n e d  s u l p h u r i c  a c i d  (1 p a r t )  a n d  h y d r o g e n  p e r o x i d e  (1 p a r t ) .  T h e s e  
s o l u t i o n s  c o u l d  d i f f e r e n t i a l l y  e t c h  t h e  e x c e s s  m e t a l  l a y e r s  l e a v i n g  t h e  silicides. 
S h e e t  r e s i s t a n c e  m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a  s t a n d a r d  4 - p o i n t  p r o b e  a t  r o o m  
t e m p e r a t u r e  ( s e e  s e c t i o n  3.2.1). A l t e r n a t i v e l y ,  m e a s u r e m e n t s  w e r e  m a d e  o n  V a n  
d e r  P a u w  c l o v e r  l e a f  p a t t e r n s  d e f i n e d  p h o t o l i t h o g r a p h i c a l l y .
T h e  t h i c k n e s s  o f  t h e  silicide w a s  m e a s u r e d  u s i n g  a  T E M  a n d  a  T a l y s t e p .  E l e c t r o n  
d i f f r a c t i o n  t h r o u g h  t h e  T E M  s a m p l e s  c o n f i r m e d  w h e t h e r  o r  n o t  t h e  silicides w e r e  
a m o r p h o u s .  F o r  t h e  t a l y s t e p  m e a s u r e m e n t s  a  s h a r p  s t e p  b e t w e e n  t h e  s u r f a c e s  o f  
t h e  silicide l a y e r  a n d  a - S i : H  w a s  c r e a t e d  u s i n g  h y d r o f l u o r i c  a c i d  t o  r e m o v e  t h e  
silicide l a y e r  f r o m  a  m a s k e d  a r e a  ( s e e  f i g u r e  3.2).
F o r  t h e  i n v e s t i g a t i o n  o f  e l e c t r i c a l  p r o p e r t i e s ,  a  m e t a l l i c  b a c k  c o n t a c t  ( c h r o m i u m  
o r  c h r o m i u m  n i t r i d e )  w a s  d e p o s i t e d  o n t o  t h e  g l a s s  b e f o r e  a  l a y e r  o f  n +  a - S i : H  w a s  
g r o w n .  S i n c e  t h e  d o p e d  a - S i : H  c o n t a i n s  a  l a r g e  a m o u n t  o f  t r a p s  [3], t h e  t h i c k n e s s  
o f  t h i s  l a y e r  m u s t  b e  a s  l o w  a s  p o s s i b l e .  I n  o u r  c a s e s  t h e  n 4- l a y e r  c o n s i s t e d  o f  
1000A o f  p h o s p h o r u s  d o p e d  a - S i : H .  T h e  c o n t a c t  b e t w e e n  t h e  m e t a l  a n d  n +  a - S i : H  
w a s  c o n f i r m e d  t o  b e  o h m i c .  A  l a y e r  o f  i a - S i : H  a n d  a  t o p  m e t a l  l a y e r  ( C r ,  M o  o r  
C o )  w e r e  t h e n  d e p o s i t e d  o n  t h e  n 4- l a y e r .  T h e  t h i c k n e s s  r a t i o  o f  t h e  m e t a l  a n d  
a - S i : H  l a y e r s  w a s  v a r i e d  i n  s o m e  c a s e s  ( f i g u r e  3 . 1 b ) .
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3.2 Analysis Techniques
O n e  o f  t h e  o b j e c t i v e s  o f  t h i s  w o r k  is t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  a n d  f o r m ­
a t i o n  k i n e t i c s  o f  t h e  i n t e r l a y e r  s ilicide a t  a  m e t a l / a - S i : H  i n t e r f a c e .  T h e  t e c h n i q u e s  
u s e d  i n  t h i s  w o r k  c o m p l e m e n t  e a c h  o t h e r  t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  t h i c k ­
n e s s ,  c o m p o s i t i o n ,  s t r u c t u r e ,  g r o w t h  k i n e t i c s ,  e l e c t r i c a l  p r o p e r t i e s  a n d  s t a b i l i t y  
o f  t h e  silicide. S i n c e  t h e  silicide t h i c k n e s s e s  o b t a i n e d  i n  o u r  w o r k  a r e  v e r y  s m a l l  
( t y p i c a l l y  <  5  n m ) ,  a  c a r e f u l  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  a r e  u s u a l l y  n e e d e d .  I n  
t h e  f o l l o w i n g  s e c t i o n s  a  b r i e f  d e s c r i p t i o n  o f  t h e  t e c h n i q u e s  t o g e t h e r  w i t h  t h e i r  
a d v a n t a g e s  a n d  d i s a d v a n t a g e s  a n d  t h e  p o s s i b l e  s o u r c e s  o f  e r r o r  a r e  p r e s e n t e d  i n  
t h e  c o n t e x t  o f  t h e s e  v e r y  t h i n  l a y e r s .
3 . 2 . 1  F o u r  p o i n t  p r o b e
T h e  m e a s u r e m e n t  o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  m a t e r i a l s  a t  v a r i o u s  
s t a g e s  d u r i n g  p r o c e s s i n g  is a  g e n e r a l  p r o b l e m  i n  t h e  f a b r i c a t i o n  o f  s e m i c o n d u c t o r  
d e v i c e s .  P a r t i c u l a r l y ,  t h e  m e a s u r e m e n t  m u s t  b e  n o n - d e s t r u c t i v e  a n d  s p e e d y  a n d  
t h e  s a m p l e  p r e p a r a t i o n  m u s t  n o t  i n v o l v e  e l a b o r a t e  p r o c e d u r e s .  T h e  f o u r  p o i n t  
p r o b e  t e c h n i q u e  f o r  m e a s u r i n g  s h e e t  r e s i s t a n c e  o f  t h e  m a t e r i a l  h a s  t h e s e  a d v a n t ­
a g e s .  T h e r e f o r e  it h a s  b e e n  w i d e l y  u s e d  i n  t h i s  w o r k  t o  a n a l y s e  t h e  f o r m a t i o n  o f  
i n t e r l a y e r  silicide. T h e  f o u r  p o i n t  p r o b e  u s e d  i n  t h i s  w o r k  c o m p r i s e s  f o u r  e q u a l l y  
s p a c e d  p r o b e s  w h i c h  a r e  s e t  in-line. T h e  s p a c i n g  b e t w e e n  t h e  p r o b e s  w a s  1 m m .  
F o r  t h i s  g e o m e t r y  t h e  s h e e t  r e s i s t a n c e  o f  a n  i n f i n i t e l y  t h i n  l a y e r  i n  w h i c h  t h e  
c u r r e n t  f l o w  is p a r a l l e l  t o  t h e  s u r f a c e  is g i v e n  b y :
7T  V  V
R s  =  r F T  =  4 . 5 3 2 4  x  -  (3.1)
s In 2 I  I  K ’
w h e r e  I is t h e  c u r r e n t  f l o w i n g  b e t w e e n  t h e  o u t e r  p r o b e s  a n d  V  is t h e  v o l t a g e  
m e a s u r e d  a c r o s s  t h e  i n n e r  p r o b e s .  T h e  c u r r e n t  is p r o v i d e d  b y  a  c o n s t a n t  c u r r e n t
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s o u r c e  a n d  t h e  v o l t a g e  is m e a s u r e d  u s i n g  a  d i g i t a l  v o l t m e t e r  w i t h  a  f l o a t i n g  h i g h  
i m p e d e n c e  i n p u t .  If t h e  r a t i o  o f  t h e  l a y e r  t h i c k n e s s  ( d )  t o  t h e  p r o b e  s p a c i n g  is 
less t h a n  0.4, t h e  a v e r a g e  r e s i s t i v i t y  ( p )  is o b t a i n e d  b y  [104]:
p  =  R s  x  d  (3.2)
T h i s  c o n d i t i o n  is g e n e r a l l y  m e t  i n  t h i s  w o r k  s i n c e  t h e  t h i c k n e s s  o f  o u r  silicide 
l a y e r s  is a l w a y s  o n l y  a  f e w  n a n o m e t e r s .
S i n c e  o u r  s a m p l e s  a r e  n o t  infin i t e  a  c o r r e c t i o n  f a c t o r  m u s t  b e  i n c l u d e d  i n  e q u a t i o n
3.1. T h e  c o r r e c t i o n  f a c t o r  is a  f u n c t i o n  o f  t h e  g e o m e t r y  o f  t h e  s p e c i m e n  a n d  t h e  
p o s i t i o n  o f  t h e  f o u r  p o i n t  p r o b e  [ 1 0 5 ]  ( A p p e n d i x  A ) .
A  p o s s i b l e  s o u r c e  o f  e r r o r  d u r i n g  m e a s u r e m e n t s  b y  f o u r  p o i n t  p r o b e  is t h e  s u r ­
f a c e  effect. It is n e c e s s a r y  t h a t  a n y  c a r r i e r s  i n j e c t e d  a t  t h e  c u r r e n t  p r o b e s  o r  b y  
p h o t o n s  r e c o m b i n e  a n d  d o  n o t  m o d u l a t e  t h e  c o n d u c t i v i t y .  It is r e c o m m e n d e d  
t h a t  t h e  m e a s u r e m e n t  is d o n e  i n  t h e  d a r k  t o  p r e v e n t  t h e  g e n e r a t i o n  o f  c a r r i e r s  b y  
t h e  i n c i d e n t  light. A n o t h e r  s o u r c e  o f  e r r o r  is t h e  m a g n i t u d e  o f  t h e  m e a s u r i n g  c u r ­
r e n t .  I d e a l l y  t h e  m e a s u r e m e n t  s h o u l d  b e  i n d e p e n d e n t  o f  t h e  c u r r e n t  b u t  f o r  s o m e  
s t r u c t u r e s  i n  w h i c h  m u l t i l a y e r s  a n d  p o t e n t i a l  b a r r i e r s  (e.g. n o n - i d e a l  p - n  j u n c ­
t i o n s )  e x i s t  t h e  m e a s u r e m e n t  m a y  h a v e  a  d e p e n d e n c y  o n  t h e  c u r r e n t .  T h i s  effect 
is n e g l i g i b l e  i n  o u r  s a m p l e s  b e c a u s e  t h e y  a r e  o h m i c ,  h o w e v e r ,  i n  o r d e r  t o  m i n i m ­
ise t h e  effect o f  c u r r e n t  m a g n i t u d e  o n  o u r  m e a s u r e m e n t s ,  t h e  m e a s u r e m e n t s  w e r e  
u s u a l l y  c a r r i e d  o u t  a t  t h e  s a m e  c u r r e n t  (fra 100 / i A )  t h r o u g h  t h e  c u r r e n t  p r o b e s .  
T h e  p r o b e  l o a d i n g  w a s  a l s o  s e t  t o  a  f i x e d  v a l u e  o f  2 0  g r a m s  f o r  all t h e  m e a s u r e ­
m e n t s .  G e o m e t r y  o f  t h e  s a m p l e  c a n  c a u s e  e r r o r  i n  t h e  m e a s u r e m e n t s ,  b e c a u s e  
g e n e r a l l y  t h e  g e o m e t r i c a l  c o r r e c t i o n  f a c t o r  c a n  n o t  b e  a p p l i e d  v e r y  a c c u r a t e l y .  
T h e  effect o f  t h e  m e a s u r e m e n t  t e m p e r a t u r e  m u s t  a l s o  b e  c o n s i d e r e d  f o r  a c c u r a t e  
r e s u l t s  a s  t e m p e r a t u r e  c o u l d  c h a n g e  t h e  n u m b e r  a n d  m o b i l i t y  o f  t h e  carr i e r s .
I n  s o m e  c a s e s  t h e  a c c u r a c y  o f  t h e  s h e e t  r e s i s t a n c e  m e a s u r e m e n t  w a s  c h e c k e d  u s i n g
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a  V a n  d e r  P a u w  c l o v e r  l e a f  p a t t e r n  d e f i n e d  b y  p h o t o l i t h o g r a p h y .  T h i s  m e a s u r e ­
m e n t ,  is i n d e p e n d e n t  o f  t h e  g e o m e t r y  o f  t h e  s a m p l e .  I n  f i g u r e  3 . 2  t h e  d i f f e r e n t  
s t e p s  o f  t h e  s a m p l e  p r e p a r a t i o n  f o r  t h e  V a n  d e r  P a u w  s a m p l e s  m a d e  i n  t h i s  w o r k  
a r e  s h o w n .
F i g .  3.2. P r e p a r a t i o n  s t e p s  o f  t h e  V a n  d e r  P a u w  e x p e r i m e n t :  (1) s t a r t i n g  s a m p l e ,  
silicide l a y e r  o n  t o p  o f  a - S i : H ,  (2) l i t h o g r a p h i c  m a s k ,  silicide r e m o v e d  f r o m  u n ­
m a s k e d  ( b r i g h t )  a r e a  u s i n g  h y d r o f l u o r i c  a c i d ,  (3) e x t e r n a l  c o n t a c t  u s i n g  silver 
d a g ;  ( a ) t o p  v i e w ,  ( b )  c r o s s  s e c t i o n .
3 . 2 . 2  R u t h e r f o r d  b a c k s c a t t e r i n g
R u t h e r f o r d  b a c k s c a t t e r i n g  s p e c t r o s c o p y  ( R B S ) ,  w h i c h  h a s  b e e n  u s e d  e x ­
t e n s i v e l y  t h r o u g h  t h i s  w o r k ,  is a  w e l l  e s t a b l i s h e d  t e c h n i q u e  f o r  s u r f a c e  a n a l y s i s
| I O I
[106]. I n  t h e  R B S  t e c h n i q u e  a n  e n e r g e t i c  b e a m  o f  light i o n s  ( H  , D  , 1 H e  , 
4H e 4 - ) i m p i n g e s  o n  a  t a r g e t  a n d  t h e  e n e r g y  o f  t h e  s c a t t e r e d  p a r t i c l e  d u e  t o  t h e  
e l a s t i c  c o l l i s i o n  w i t h  t h e  n u c l e i  o f  t h e  t a r g e t  a t o m s  is m e a s u r e d .  T h e  m a s s  o f  t h e  
t a r g e t  e l e m e n t  is o b t a i n e d  f r o m  t h e  e n e r g y  o f  t h e  b a c k s c a t t e r e d  p a r t i c l e .  S i n c e
41
t h e  b a c k s c a t t e r e d  e n e r g y  is r e l a t e d  t o  t h e  m a s s e s  o f  t h e  h o s t  p a r t i c l e s  a n d  t h e  
r e l a t i v e  p o s i t i o n  o f  t h e  p a r t i c l e  b e l o w  t h e  s u r f a c e ,  t h e  t e c h n i q u e  is c a p a b l e  o f  
o b t a i n i n g  a  e o n c e n t r a t i o n - d e p t h  p r o f i l e  w i t h o u t  u s i n g  i o n  e r o s i o n .
I n  t h i s  w o r k  R B S  w a s  c a r r i e d  o u t  u s i n g  1 . 5  M e V  H e +  i o n s  w i t h  t h e  d e t e c t o r  
a t  2 0 °  f r o m  n o r m a l .  T y p i c a l l y  t h e  m e t a l l i c  c o u n t s  w e r e  i n t e g r a t e d  o v e r  a  t o t a l  
h e l i u m  c h a r g e  o f  1 0  p G .  I n  s o m e  c a s e s  t h e  c h a n n e l l i n g  e x p e r i m e n t  w a s  u s e d  t o  
s t u d y  t h e  s t r u c t u r e  o f  t h e  i n t e r l a y e r .
A  t y p i c a l  s p e c t r u m  o b t a i n e d  f r o m  R B S  t e c h n i q u e  o n  a  C r / a - S i : H  s a m p l e  a n ­
n e a l e d  a t  4 5 0 ° C  is s h o w n  i n  f i g u r e  3.3. A t  t h i s  t e m p e r a t u r e  a  l a y e r  o f  C r S i 2 o f  
t h e  t h i c k n e s s  fra80 n m  is f o r m e d .  T h e  t h i c k n e s s  o f  t h e  l a y e r  is l a r g e r  t h a n  t h e  
d e p t h  r e s o l u t i o n  o f  R B S  t e c h n i q u e ,  t h e r e f o r e ,  t h e  s p e c t r u m  c o n t a i n s  i n f o r m a t i o n  
a b o u t  t h e  t h i c k n e s s  a n d  c o m p o s i t i o n  o f  t h e  la y e r .  H o w e v e r ,  if t h e  t h i c k n e s s  is
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F i g .  3.3. R B S  s p e c t r a  o f  a  t h i c k  C r S i 2 l a y e r  o n  a - S i : H  o n  g l a s s  f o r m e d  a t  4 5 0 ° C .
v e r y  s m a l l ,  t h e  r e v e r s e  a n a l y s i s  o f  t h e  R B S  s p e c t r u m  t o  o b t a i n  t h e  t h i c k n e s s
42
a n d  c o m p o s i t i o n  b e c o m e s  i m p o s s i b l e  s i n c e  t h e  b r o a d e n i n g  o f  t h e  s i g n a l s  is m u c h  
g r e a t e r  t h a n  t h e  t h i c k n e s s  o f  t h e  l a y e r .  T h i s  is t h e  c a s e  t h r o u g h o u t  t h e  p r e s e n t  
w o r k  a n d  w e  w i l l  s h o w  t h a t  a  v e r y  t h i n  l a y e r  o f  silicide is f o r m e d  b e l o w  3 5 0 ° C .  
If t h e  r e s o l u t i o n  is ideal, t h e  R B S  s p e c t r u m  o f  a  v e r y  t h i n  C r S i 2 l a y e r  o n  a - S i : H  
o n  g l a s s  is e x p e c t e d  t o  l o o k  like f i g u r e  3.4. I n  p r a c t i c e  t h e  s i g n a l s  a r e  b r o a d e n e d  
a n d  t h e  r e s u l t i n g  s p e c t r a  w i l l  b e  s i m i l a r  t o  f i g u r e  3.5.
T o  o b t a i n  t h e  s u r f a c e  d e n s i t y  o f  m e t a l  a t o m s ,  a t  first t h e  s e n s i t i v i t y  o f  s i l i c o n  
( S i / c m  / c t )  is c a l c u l a t e d  f r o m  t h e  e q u a t i o n
SSi =  r if f i ~  T, (3.3)
x  H S i
w h e r e  E  is t h e  e n e r g y  w i d t h  ( e V / c h )  w h i c h  is r e l a t e d  t o  t h e  s e t  u p  o f  t h e  s y s t e m ,  
[e] ^  is t h e  4 H e  s t o p p i n g  c r o s s  s e c t i o n  f a c t o r  i n  S i  a t  1 . 5  M e V  i n c i d e n t  e n e r g y  o f  
H e  i n  e V  c m  a n d  is t h e  h e i g h t  o f  S i  s i g n a l .  T h e  s e n s i t i v i t y  o f  t h e  m e t a l  is 
c a l c u l a t e d  u s i n g
S m e t a l  =  %  x  “  S S i  x  f  )  /  /  (3.4)
° m e t a l  \  ^  m e t a l )
w h e r e  a g i  a n d  & m e t a i a r e  t h e  R u t h e r f o r d  s c a t t e r i n g  c r o s s  s e c t i o n  o f  S i  a n d  t h e
o 2
m e t a l  a t  t h e  a n g l e  o f  1 6 0  i n  c m  / s t e r a d i a n ,  r e s p e c t i v e l y .  F i n a l l y ,  t h e  m e t a l  s u r -
O
f a c e  ( a r e a l )  d e n s i t y  ( a t . / c m  ) is c a l c u l a t e d  b y  m u l t i p l y i n g  t h e  n u m b e r  o f  b a c k s -  
c a t t e r e d  H e  i o n s  f r o m  t h e  m e t a l  p a r t i c l e s  ( m e t a l l i c  c o u n t s )  a n d  t h e  s e n s i t i v i t y  o f  
t h e  m e t a l .
I o n  c h a n n e l l i n g  m a y  b e  u s e d  t o  p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  s t r u c t u r e  o f  c r y s ­
t a l l i n e  n e t w o r k  a n d  its d i s o r d e r  a n d  t o  l o c a t e  t h e  i m p u r i t y  a t o m s  i n  t h e  c r y s t a l s .  
T h e  R B S  t e c h n i q u e  w h i c h  is a  n o n - d e s t r u c t i v e  t e c h n i q u e  o f  s u r f a c e  a n a l y s i s ,  c a n  
a l s o  g i v e  a  h i g h  r e p r o d u c i b i l i t y  o f  resul t s .  A  d i s a d v a n t a g e  o f  R B S  is its p o o r  
d e p t h  r e s o l u t i o n  ( t y p i c a l l y  «  200A), b u t  t h e  n u m b e r  o f  c o u n t s  o f  b a c k s c a t t e r e d  
p a r t i c l e s  c a n  b e  u s e d  a s  a n  a c c u r a t e  r e p r e s e n t a t i v e  o f  t h e  n u m b e r  o f  t a r g e t  a t o m s
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C h a n n e l  n u m b e r
F i g .  3.4. I d e a l  R B S  s i g n a l s  o f  a  t h i n  C r S i 2 l a y e r  o n  a - S i : H  o n  glass.
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F i g .  3.5. R B S  s p e c t r a  o f  a  t h i n  C r S i 2 l a y e r  o n  a - S i : H  o n  g l a s s  f o r m e d  a t  2 5 0 ° C .
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a n d  t h e  a t o m i c  s u r f a c e  d e n s i t y .  T h i s  t e c h n i q u e  is t h e  m o s t  q u a n t i t a t i v e  t e c h ­
n i q u e  i n  t h e  s u r f a c e  a n a l y s i s  o f  m a t e r i a l s  w i t h  a n  a c c u r a c y  i n  t h e  r a n g e  ±  5 % .  
R B S  d o e s  n o t  n e e d  s a m p l e  p r e p a r a t i o n  a n d  n o  s p e c i a l  s a m p l e  is n e c e s s a r y  f o r  a  
q u a n t i t a t i v e  a n a l y s i s  [ 1 0 6 ,  1 0 7 ] .
3 . 2 . 3  A u g e r  e l e c t r o n  s p e c t r o s c o p y
A n o t h e r  u s e f u l  s u r f a c e  a n a l y s i s  t e c h n i q u e  f o r  t h e  s t u d y  o f  i n t e r l a y e r s  t h a t  
p r o v i d e s  i n f o r m a t i o n  a b o u t  t h e  a t o m i c  c o n c e n t r a t i o n  a n d  d e p t h  p r o f i l e  o f  t h e  
silicide l a y e r  is A u g e r  e l e c t r o n  s p e c t r o s c o p y  ( A E S )  [107, 1 0 8 ,  1 0 9 ] .  A n  a d v a n t a g e  
o f  t h i s  t e c h n i q u e  is its p o t e n t i a l  f o r  h i g h  s p a t i a l  r e s o l u t i o n  [110]. T h e r e f o r e ,  it is 
u s e f u l  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  r o l e  o f  l o w  c o n c e n t r a t i o n  i m p u r i t i e s .
I n  A E S  a  b e a m  o f  e l e c t r o n  is u s e d  t o  e x c i t e  A u g e r  e l e c t r o n s  f r o m  t h e  s u r f a c e .  T h e  
c o m p o s i t i o n  o f  d e e p  l a y e r s  c a n  b e  o b t a i n e d  b y  s i m u l t a n e o u s  o r  s e q u e n t i a l  r e m o v a l  
o f  s u r f a c e  l a y e r s  b y  i o n  b e a m  s p u t t e r i n g  (fig. 3.6). H o w e v e r ,  it is p o s s i b l e  t h a t  
t h e  s p u t t e r  e r o s i o n  p r o c e s s  c h a n g e s  t h e  c o m p o s i t i o n  o f  t h e  s u r f a c e .  U s i n g  g o o d  
c a l i b r a t i o n  s t a n d a r d s ,  A E S  c a n  b e  u s e d  f o r  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  s u r f a c e  
w i t h  a n  a c c u r a c y  b e t t e r  t h a n  ±  10 %  [1 1 1 , 1 1 2 ]. It is a l s o  s e n s i t i v e  t o  t h e  p r e s e n c e  
o f  l o w - m a s s  i m p u r i t i e s  i n  t h e  silicide ( t a b l e  3.1).
A E S  is a  f a s t  a n d  h i g h l y  r e p r o d u c i b l e  a n a l y s i s  t e c h n i q u e  i n  w h i c h  i n f o r m a t i o n  o n  
t h e  c h e m i c a l  b o n d s  o f  s p e c i e s  m a y  a l s o  b e  o b t a i n e d  b y  l o o k i n g  a t  t h e  s h i f t  i n  t h e  
p e a k  p o s i t i o n  o f  t h e  A u g e r  s p e c t r u m .  I n  t a b l e  3 . 1  a  s u m m a r y  o f  s o m e  i m p o r t a n t  
f e a t u r e s  o f  R B S  a n d  A E S  t e c h n i q u e s  is p r e s e n t e d .
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(a) <b>
F i g .  3.6. A u g e r  e l e c t r o n  s p e c t r o s c o p y :  (a) t h e  p r o d u c t i o n  o f  A u g e r  e l e c t r o n ,  
a n d  ( b )  S c h e m a t i c  d i a g r a m  o f  t h e  i n s t r u m e n t a t i o n  [107].
3 . 2 . 4  T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e
T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  ( T E M )  h a s  b e e n  u s e d  i n  s o m e  c a s e s  
t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  t h i c k n e s s  a n d  s t r u c t u r e  o f  t h e  silicide l ayer. 
M o r e o v e r ,  t h e  s t r u c t u r e  o f  t h e  l a y e r  a n d  i d e n t i f i c a t i o n  o f  d e f e c t s  c a n  b e  s t u d i e d  
b y  t h i s  t e c h n i q u e  t o  f i n d  o u t  w h e t h e r  t h e  silicide is a m o r p h o u s .  T E M  h a s  a n  
e l a b o r a t e  s a m p l e  p r e p a r a t i o n ,  h o w e v e r ,  d u e  t o  its h i g h  r e s o l u t i o n  it c a n  b e  u s e d  
t o  s t u d y  t h e  g r o w t h  k i n e t i c s  o f  t h e  silicide f o r m a t i o n  a t  t h e  e a r l y  s t a g e s .
A f t e r  t h e  f o r m a t i o n  o f  i n t e r l a y e r  silicides a n d  r e m o v i n g  t h e  e x c e s s  u n r e a c t e d  
m e t a l ,  t h e  s a m p l e s  w e r e  a t t a c h e d  t o g e t h e r  b y  a  g a t a n  g l u e  a n d  c u t  i n t o  s m a l l  
p i e c e s  u s i n g  a  d i a m o n d  s a w .  B y  p o l i s h i n g  o n  s u i t a b l e  s i l i c o n  c a r b i d e  a n d  a l u ­
m i n i u m  c a r b i d e  g r i n d i n g  p a p e r s ,  t h e  s i d e  t h i c k n e s s  o f  t h e  s a m p l e s  r e d u c e d  t o  
a b o u t  3 0  m i c r o n  . T h e  s p e c i m e n s  w e r e  t h e n  p u t  i n  a  i o n  m i l l i n g  m a c h i n e  t o  
r e d u c e  its t h i c k n e s s  b y  a r g o n  s p u t t e r i n g  t o  a  v a l u e  s u i t a b l e  f o r  t h e  t r a n s m i s ­
s i o n  m i c r o s c o p e ,  n o r m a l l y  s o m e  h u n d r e d s  o f  A n g s t r o m s .  T h e  b e a m  c u r r e n t  w a s  
0.2 m A  a n d  t h e  v o l t a g e  w a s  5  k V  a n d  t h e  s a m p l e s  w e r e  c o o l e d  i n  l i q u i d  n i t r o g e n  
d u r i n g  i o n  m i l l i n g .  T h e  s a m p l e s  w e r e  t h e n  o b s e r v e d  i n  a  t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p e  o f  m o d e l  J o e l  2 0 0 0 - F X .
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Table 3.1. Important features of R B S  and A E S  techniques
R u t h e r f o r d A u g e r  e l e c t r o n
b a c k s c a t t e r i n g
( R B S )
s p e c t r o s c o p y
( A E S )
I n c i d e n t I o n s  ( H + ,  H e + ") E l e c t r o n s
p a r t i c l e ( 1 - 3  M e V ) ( 1 - 2 0  k e V )
E m i t t e d S c a t t e r e d A u g e r  e l e c t r o n s
p a r t i c l e p r i m a r y  i o n s ( 2 0 - 2 0 0 0  e V )
E l e m e n t
> H > L i
r a n g e
D e p t h  
o f  a n a l y s i s
20n m 2n m
L a t e r a l
r e s o l u t i o n
> 2  ^ m >200  A
T h e  T E M  p r e p a r a t i o n  is t h o u g h t  t o  r a i s e  t h e  t e m p e r a t u r e  o f  t h e  l a y e r  t o  p o s s i b l y  
p s  1 5 0  ° C  [30] w h i c h  h a s  n o  effect o n  t h e  p r o p e r t i e s  a n d  s t r u c t u r e  o f  o u r  l ayer.
3 . 2 . 5  T a l y s t e p  m e a s u r e m e n t
A n o t h e r  i n s t r u m e n t  u s e d  f o r  t h e  m e a s u r e m e n t  o f  silicide t h i c k n e s s  w a s  a  
R a n k  T a y l o r  H o b s o n  T a l y s t e p .  T h i s  a p p a r a t u s  h a s  b e e n  d e s i g n e d  f o r  a c c u r a t e  
m e a s u r e m e n t s  o f  t h e  t h i c k n e s s  o f  t h i n  f i l m s .  T h e  t h i c k n e s s  is m e a s u r e d  b y  t r a ­
v e r s i n g  a  s t y l u s  o v e r  t h e  e d g e  o f  t h e  la y e r .  V e r t i c a l  m o v e m e n t  o f  t h e  s t y l u s  is 
a m p l i f i e d  a n d  r e c o r d e d  g r a p h i c a l l y  w h i c h  r e p r e s e n t s  t h e  d i f f e r e n c e  b e t w e e n  t h e  
l e v e l s  o f  t h e  s u r f a c e  o f  t h e  silicide l a y e r  a n d  t h e  s u b s t r a t e  [113].
I n  o r d e r  t o  e n a b l e  r e l i a b l e  m e a s u r e m e n t s  a n d  m i n i m i s e  t h e  e r r o r ,  a  s h a r p  s t e p  
b e t w e e n  t h e  s u r f a c e s  o f  t h e  silicide l a y e r  a n d  a - S i : H  s u b s t r a t e  w a s  c r e a t e d  b y
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m a s k i n g  t h e  s a m p l e  p h o t o l i t h o g r a p h i c a l l y .  T h e  s a m p l e  w a s  t h e n  e t c h e d  i n  h y ­
d r o f l u o r i c  a c i d  t o  r e m o v e  t h e  silicide l a y e r .  I n  t h i s  e x p e r i m e n t ,  t h e  s a m e  p a t t e r n  
u s e d  f o r  t h e  V a n  d e r  P a u w  m e a s u r e m e n t s  (fig. 3 . 2 )  w a s  u s e d  f o r  t h e  t h i c k n e s s  
m e a s u r e m e n t s .
T h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t  is a f f e c t e d  b y  s e v e r a l  p a r a m e t e r s .  T h e  t h e r m a l  
s t a b i l i t y  is i m p o r t a n t  t o  p r e v e n t  a n y  s h i f t s  i n  t h e  s e n s i t i v e  p a r t s  o f  t h e  i n s t r u ­
m e n t  a n d  e v e n t u a l l y  a n y  d r i f t s  i n  t h e  r e c o r d i n g  p e n .  C l e a n l i n e s s  o f  t h e  s p e c i m e n  
a n d  t h e  w o r k  s t a g e  is o f  e s s e n t i a l  i m p o r t a n c e  f o r  a c c u r a t e  r e a d i n g s .  T h i s  a l l o w s  
t h e  s a m p l e  t o  c o r r e c t l y  s e a t  o n  t h e  w o r k  s t a g e .  V i b r a t i o n  i n  t h e  s u r r o u n d i n g  
e n v i r o n m e n t  is a l s o  a n  i m p o r t a n t  s o u r c e  o f  e r r o r .  A n  a n t i - v i b r a t i o n  w o u l d  b e  
n e c e s s a r y  f o r  a c c u r a t e  m e a s u r e m e n t .  W i t h  a  c a r e f u l  s e t  u p  t h e  m e a s u r e m e n t  o f  
a  m i n i m u m  10 A  t h i c k n e s s  is p o s s i b l e  u s i n g  t h i s  T a l y s t e p  [113].
3 . 2 . 6  I - V  m e a s u r e m e n t
D i f f e r e n t  t e c h n i q u e s  a r e  a v a i l a b l e  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  S c h o t t k y  c o n t a c t s .  C u r r e n t - v o l t a g e  m e a s u r e m e n t ,  w h i c h  is u s e d  
i n  t h i s  w o r k  t o  s t u d y  t h e  s i l i c i d e / a - S i : H  c o n t a c t s ,  is a  w e l l  k n o w n  m e t h o d  t o  
m e a s u r e  t h e  b a r r i e r  h e i g h t  a n d  t h e  i d e a l i t y  f a c t o r  o f  t h e  S c h o t t k y  b a r r i e r s .  U s i n g  
e q u a t i o n  2 . 3  a n d  2 . 4  f o r  t h e r m i o n i c  e m i s s i o n  t h e o r y  t h e  b a r r i e r  h e i g h t  ( $ B n )  c a n  
b e  o b t a i n e d  f r o m  t h e  e q u a t i o n
d e n s i t y .  I n  t h e  c a s e  o f  a - S i : H  S c h o t t k y  b a r r i e r  it is t h o u g h t  t h a t  t h e  c u r r e n t  is 
d e f i n e d  b y  d i f f u s i o n  t h e o r y  ( s e c t i o n  2 .8), t h e r e f o r e  t h e  b a r r i e r  h e i g h t  is c a l c u l a t e d  
f r o m
(3.5)
w h e r e  A * *  is t h e  e f f e c t i v e  R i c h a r d s o n  c o n s t a n t  a n d  J D  is t h e  s a t u r a t i o n  c u r r e n t
(3.6)
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w h e r e  N c  is t h e  e f f e c t i v e  c o n d u c t i o n  b a n d  d e n s i t y  o f  s t a t e s ,  p c  t h e  e l e c t r o n  m o ­
bil i t y  a n d  E m a x  =  q N d W / e s .
J D  is o b t a i n e d  f r o m  t h e  e x t r a p o l a t i o n  o f  J - V  c h a r a c t e r i s t i c s  a t  V  >  3 k T / q  t o  z e r o  
v o l t a g e .
I n  o r d e r  t o  e v a l u a t e  t h e  d i f f e r e n c e  b e t w e e n  t h e  b a r r i e r  h e i g h t  m e a s u r e m e n t s  f r o m  
e q u a t i o n s  3 . 5  a n d  3 . 6  t h e  e x p e r i m e n t a l  v a l u e s  f o r  d i f f e r e n t  p a r a m e t e r s  i n  t h e  
l i t e r a t u r e  a r e  u s e d  [35]. U s i n g  E m a a . = 4 x l 0 4 V / c m ,  p c = 2  c m 2V ~ 4 s ~ 1' a n d  
N c = 3 x l 0 ^  c m - ^ t h e  v a l u e  o f  4 x 1 0 °  A / c m 2 is o b t a i n e d  f o r  t h e  n u m e r a t o r  
i n  e q u a t i o n  3.6. F o r  t h e r m i o n i c  e m i s s i o n  t h e o r y  ( e q u a t i o n  3 . 5 )  t h e  v a l u e  o f
ry o  9 9
10 A / c m  is o b t a i n e d  a t  r o o m  t e m p e r a t u r e  u s i n g  t h e  v a l u e  o f  1 2 0  A / c m  / K  
f o r  R i c h a r d s o n  c o n s t a n t  [91]. T h e  v a l u e  o f  $ B n  1S nc4 v e r 7  s e n s i t i v e  t o  t h e  c h o i c e  
o f  A * *  [87]. A p p l y i n g  t h e  a b o v e  v a l u e s  t o  e q u a t i o n  3 . 5  a n d  3 . 6  it is c o n c l u d e d  
t h a t  t h e  b a r r i e r  h e i g h t  m e a s u r e d  f r o m  d i f f u s i o n  t h e o r y  m a y  b e  u p  t o  0 . 0 8  e V  
s m a l l e r  t h a n  t h a t  m e a s u r e d  b y  t h e r m i o n i c  e q u a t i o n .  S i n c e  t h e  a b o v e  v a l u e s  f o r  
E m a x ’ T c  an4 N c a r e  e s t i m a t e d  v a l u e s ,  a u t h o r s  u s u a l l y  u s e  t h e r m i o n i c  e q u a t i o n  
( e q u a t i o n  3 . 5 )  t o  o b t a i n  t h e  b a r r i e r  h e i g h t  o f  a m o r p h o u s  s i l i c o n  S c h o t t k y  d i o d e s
( s e e  f o r  e x a m p l e  [93, 1 1 4 ] ) ,  h o w e v e r ,  t h e  f a c t  t h a t  t h e  a c t u a l  b a r r i e r  h e i g h t  m a y
b e  d i f f e r e n t  f r o m  t h e  m e a s u r e d  v a l u e s  m u s t  a l w a y s  b e  c o n s i d e r e d .
T h e  d e t e r m i n a t i o n  o f  a c t i v e  a r e a  o f  t h e  d i o d e s  is a  p o s s i b l e  s o u r c e  o f  e r r o r  i n  
c o n v e r t i n g  c u r r e n t  (I) t o  c u r r e n t  d e n s i t y  (J) a n d  t h e r e f o r e  i n  t h e  m e a s u r e m e n t  o f  
t h e  b a r r i e r  h e i g h t .
T h e  i d e a l i t y  f a c t o r  ( n )  is o b t a i n e d  f r o m  t h e  s l o p e  o f  t h e  J - V  c h a r a c t e r i s t i c s  a t  
V  >  3 k T / q  o n  a  s e m i l o g  s c a l e  u s i n g  t h e  e q u a t i o n
Q V  / n
n =  K T  577 (3 -7)
I n  o u r  e x p e r i m e n t s ,  a  H e w l e t t - P a c k a r d  S e m i c o n d u c t o r / C o m p o n e n t  T e s t  S y s t e m  
o f  m o d e l  4 0 6 1 A  is u s e d  f o r  I - V  m e a s u r e m e n t .  T h i s  s y s t e m  c o n s i s t e d  o f  a  4 1 4 0 B
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p A  m e t e r /  D C  V o l t a g e  S o u r c e ,  a  4 2 7 5 A  M u l t i f r e q u e n c y  L C R  m e t e r  a n d  a  4 0 8 3 A  
S w i t c h i n g  C o n t r o l l e r .  T h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e  
i n  t h e  d a r k .  T h e  v o l t a g e  c o u l d  b e  a p p l i e d  i n  1 0  m V  i n t e r v a l s  a n d  t h e  c u r r e n t  is 
m e a s u r e d  b y  t h e  p i c o a m m e t e r .
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Ch a p t e r  4
4 . 1  F o r m a t i o n  o f  a m o r p h o u s  C r - S i l i c i d e
T h e r e  h a v e  b e e n  f e w  r e p o r t s  i n  t h e  l i t e r a t u r e  o n  t h e  f o r m a t i o n  o f  a n  
a m o r p h o u s  i n t e r l a y e r  a t  t h e  i n t e r f a c e  b e t w e e n  a  m e t a l  a n d  a - S i : H  a t  l o w  t e m p e r ­
a t u r e s .  H o w e v e r ,  s o m e  e ffort h a s  b e e n  m a d e  t o  i n v e s t i g a t e  t h e  i n t e r f a c e  r e a c t i o n  
i n  t h e  C r / a - S i : H  s y s t e m  [66, 7 8 ,  7 9 ,  1 1 4 ] .
I n  t h i s  w o r k  w e  a r e  p a r t i c u l a r l y  c o n c e r n e d  w i t h  t h e  effects o f  l o w  t e m p e r a t u r e  
( < 3 5 0 ° C )  t r e a t m e n t  o n  t h e  i n t e r a c t i o n  b e t w e e n  c h r o m i u m  a n d  h y d r o g e n a t e d  
a m o r p h o u s  s i l i c o n  ( a - S i : H ) ,  a n d  t h e  f o r m a t i o n  o f  a n  a m o r p h o u s  i n t e r l a y e r  t o ­
g e t h e r  w i t h  its p r o p e r t i e s .  T h e  r e s u l t s  o f  p r e v i o u s  r e p o r t s  [66, 7 8 ,  7 9 ]  a r e  u s e d  
a s  r e f e r e n c e s  a n d  a t  t h e  first s t e p  w e  l o o k  f o r  t h e  c o n s i s t e n c y  o f  o u r  r e s u l t s  w i t h  
t h o s e  r e p o r t e d  i n  t h e s e  r e f e r e n c e s .  I n  p a r t i c u l a r ,  w e  i n v e s t i g a t e  t h e  i n t e r l a y e r  b y  
t e c h n i q u e s  s u c h  a s  R B S ,  A E S  a n d  f o u r  p o i n t  p r o b e  m e a s u r e m e n t s .
I n  g e n e r a l ,  r e f e r e n c e  s a m p l e s  w e r e  u s e d  t o  i n v e s t i g a t e  t h e  effect o f  a n n e a l i n g  o n  
t h e  s a m p l e s .  T h e s e  r e f e r e n c e  s a m p l e s  w e r e  p r e p a r e d  u n d e r  t h e  s a m e  c o n d i t i o n s  
a s  t h e  o t h e r  s a m p l e s  a n d  t h e  s u b s e q u e n t  t r e a t m e n t s  o n  t h e s e  w e r e  t h e  s a m e .  
T h e  r e f e r e n c e  s a m p l e s  w e r e  a s - d e p o s i t e d  s a m p l e s  w i t h o u t  a n n e a l i n g .  T h e  a n ­
n e a l i n g  t e m p e r a t u r e s  f o r  h e a t  t r e a t m e n t  w e r e  g e n e r a l l y  2 0 0 ,  2 5 0 ,  3 0 0  a n d  3 5 0 ° C  
t o  p r o v i d e  t h e  c o n d i t i o n s  f o r  r e p r o d u c i b l e  r e s u l t s  f r o m  d i f f e r e n t  s u b s t r a t e  l a yers.  
I n  a  f e w  c a s e s  t h e  a n n e a l i n g  t e m p e r a t u r e s  o f  4 0 0  a n d  4 5 0 °  C  w e r e  u s e d  f o r  c o m ­
p a r i s o n  w i t h  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e .
O n e  o f  t h e  o b j e c t i v e s  o f  t h i s  w o r k ,  w i l l  b e  t o  s h o w  t h a t  a n  a m o r p h o u s  silicide is
Physical properties of the Cr/a-Si:H interface
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f o r m e d  a t  t h e  i n t e r f a c e  o f  a - S i : H  w i t h  t r a n s i t i o n  m e t a l s  s u c h  a s  C r  a n d  i n v e s t i g ­
a t e  t h e  p r o p e r t i e s  o f  t h e  i n t e r f a c e .  R e s u l t s  f r o m  o t h e r  m e t a l / a - S i : H  s y s t e m s  a r e  
p r e s e n t e d  i n  l a t e r  c h a p t e r s .
4 . 2  S h e e t  r e s i s t a n c e  o f  t h e  s i l i c i d e
A f t e r  t h e  f o r m a t i o n  o f  a n  i n t e r l a y e r  b y  h e a t  t r e a t m e n t ,  t h e  u n r e a c t e d  
C r  l a y e r  w a s  r e m o v e d  f r o m  t h e  s u r f a c e  b y  a  s e l e c t i v e  c h e m i c a l  s o l u t i o n  ( s e c t i o n  
3.1). T h e  s h e e t  r e s i s t a n c e  ( s h e e t  r e s i s t i v i t y )  o f  t h e  i n t e r l a y e r  w a s  t h e n  m e a s u r e d .  
T h e  s e l e c t i v i t y  o f  t h e  e t c h i n g  p r o c e s s  w i l l  b e  e x a m i n e d  i n  l a t e r  s e c t i o n s  ( s e c t i o n  
4. 4 . 2 ) .  A r o u n d  1 5 0  C r / a - S i : H  s a m p l e s  ( e x c l u d i n g  t h e  s a m p l e s  u s e d  f o r  s t u d y i n g  
t h e  effect o f  h y d r o g e n )  p r e p a r e d  i n  d i f f e r e n t  c o n d i t i o n s  h a v e  b e e n  a n a l y s e d  b y  
f o u r  p o i n t  p r o b e  a n d  R B S  d u r i n g  t h e  c o u r s e  o f  t h i s  w o r k  t o  i n v e s t i g a t e  t h e  effect 
o f  a n n e a l i n g  t e m p e r a t u r e ,  t i m e  a n d  a m b i e n t  o n  t h e  f o r m a t i o n  o f  a  silicide l a yer.
4 . 2 . 1  T h e  e f f e c t  o f  a n n e a l i n g  t e m p e r a t u r e
It h a s  b e e n  o b s e r v e d  t h a t  t h e  s h e e t  r e s i s t a n c e ,  R s , o f  t h e  i n t e r l a y e r  silicide 
falls w i t h  i n c r e a s i n g  a n n e a l  t e m p e r a t u r e .  I n  t h i s  s e c t i o n  t h e  effect o f  d i f f e r e n t  a n ­
n e a l i n g  t e m p e r a t u r e s  w i l l  b e  p r e s e n t e d .
W e  o b s e r v e d  t h a t  t h e  s h e e t  r e s i s t a n c e  o f  u n a n n e a l e d  s a m p l e  w a s  a b o u t  8 3 0 0  Q / D  
a n d  d e c r e a s e d  t o  5 7 0 0 ,  3 1 0 0  a n d  1 6 0 0  f i / D  a f t e r  a n n e a l i n g  i n  t h e  e l e c t r i c  f u r n a c e  
( o v e n )  a t  2 0 0 ,  2 5 0 ,  3 0 0 ° C  f o r  1 h o u r ,  r e s p e c t i v e l y  ( f i g u r e  4.1). S i m i l a r  r e s u l t s  
w e r e  o b t a i n e d  f o r  a  s e r i e s  o f  s a m p l e s  a n n e a l e d  i n  t h e  o p t i c a l  f u r n a c e ,  b u t  w i t h  all 
o t h e r  p a r a m e t e r s  r e m a i n i n g  u n c h a n g e d .  T h e  m e a n  v a l u e  o f  s h e e t  r e s i s t a n c e  w a s  
a b o u t  8 8 0 0  C l / D  f o r  t h e  a s - d e p o s i t e d  s a m p l e  a n d  d e c r e a s e d  t o  ps 5 7 0 0 ,  3 3 0 0  a n d  
1 7 0 0  f 2 / n  a f t e r  1 h o u r  a n n e a l i n g  a t  2 0 0 ,  2 5 0  a n d  3 0 0 ° C ,  r e s p e c t i v e l y  ( f i g u r e  4.1). 
M o r e o v e r ,  t h e  e x p e r i m e n t  w a s  r e p e a t e d  f o r  v a r y i n g  e t c h i n g  c o n d i t i o n s  s u c h  a s
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F i g .  4.1. T h e  effect o f  a n n e a l i n g  t e m p e r a t u r e  o n  t h e  s h e e t  r e s i s t a n c e  o f  t h e  
C r  silicide f o r m e d  i n  d i f f e r e n t  f u r n a c e s .  T h e  a n n e a l i n g  t i m e  is 1 h o u r  f o r  all 
t e m p e r a t u r e s .
annealing temperature (°C)
F i g .  4.2. S h e e t  r e s i s t a n c e  o f  t h e  silicide a n d  s u r f a c e  d e n s i t y  o f  C r  a t o m s  vs. 
a n n e a l i n g  t e m p e r a t u r e  f o r  1  h r  a n n e a l i n g  t i m e .  T h e  b a r s  a t  e a c h  p o i n t  i n d i c a t e  
t h e  s p r e a d  o v e r  a p p r o x i m a t e l y  five d i f f e r e n t  s u b s t r a t e  l a y ers.
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t h e  e t c h i n g  t i m e s ,  t h e  a g e  o f  t h e  e t c h  a n d  t h e  s o u r c e  o f  c h e m i c a l s  ( S u r r e y  U n i ­
v e r s i t y  a n d  P h i l i p s  R e s e a r c h  L a b o r a t o r i e s ) .  H o w e v e r ,  i n  all c a s e s  s i m i l a r  r e s u l t s  
w e r e  o b t a i n e d .  T h e s e  r e s u l t s  w h i c h  a l s o  c o n t a i n  t h e  r e s u l t s  o f  a n n e a l i n g  i n  v a ­
c u u m  a r e  s u m m a r i s e d  i n  f i g u r e  4 . 2  w h e r e  t h e  e r r o r  b a r s  a t  e a c h  p o i n t  i n d i c a t e  t h e  
s p r e a d  o v e r  a p p r o x i m a t e l y  t e n  s a m p l e s  f r o m  n e a r l y  five d i f f e r e n t  s u b s t r a t e  l a yers. 
T h e s e  m e a s u r e m e n t s  i n d i c a t e  t h a t  t h e  f o r m a t i o n  o f  t h e  c h r o m i u m  silicide l a y e r  
is n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  d i f f e r e n c e s  i n  e x p e r i m e n t a l  c o n d i t i o n s  o u t l i n e d  i n  
c h a p t e r  3 . 1  a n d  it is r e l a t i v e l y  e a s y  t o  o b t a i n  r e p r o d u c i b l e  silicide g r o w t h .  T h e  
e r r o r s  i n  t h e  m e a s u r e m e n t s  a r e  m a i n l y  f r o m  c o n t r o l  o f  t h e  a n n e a l i n g  c o n d i t i o n s  
( e r r o r  i n  t e m p e r a t u r e ,  t i m e  a n d  t h e  n i t r o g e n  a m b i e n t ) ,  t h e  h e a t i n g  m e c h a n i s m  
( t h e  o v e n  o r  t h e  o p t i c a l  f u r n a c e )  a n d  d i m e n s i o n a l  c o r r e c t i o n s  i n  t h e  f o u r - p o i n t  
p r o b e  m e a s u r e m e n t .  T h e  r e s u l t i n g  e r r o r ,  h o w e v e r ,  is t h o u g h t  t o  b e  a b o u t  5  p e r ­
c e n t  b e t w e e n  s a m p l e s  ( s e c t i o n  4 . 4.1). It is c l e a r  f r o m  t h e s e  e x p e r i m e n t s  t h a t  a t  
h i g h e r  t e m p e r a t u r e s  m o r e  C r  a t o m s  r e a c t  w i t h  silicon.
F i g u r e  4 . 1  s u g g e s t s  t h a t  t h e r e  a r e  t w o  d i f f e r e n t  p h a s e s  b e l o w  a n d  a b o v e  p^300°C 
i n  t h e  C r / a - S i : H  s y s t e m ,  s i n c e  t h e r e  is a  c h a n g e  i n  t h e  d i r e c t i o n  o f  t h e  s h e e t  r esist­
a n c e  a g a i n s t  t e m p e r a t u r e .  W e  w i l l  s h o w  t h a t  b e l o w  t h i s  t e m p e r a t u r e  t h e  silicide 
is a m o r p h o u s .  A  s i g n i f i c a n t  i n c r e a s e  i n  t h e  s h e e t  r e s i s t a n c e  f r o m  ps 1 6 0 0  Q / D  
a t  3 0 0 °  C  t o  fa 2200 Q / D  a t  3 5 0 °  C  is t h o u g h t  t o  b e  r e l a t e d  t o  t h e  a p p e a r a n c e  
o f  t h e  o t h e r  p h a s e s  o f  C r - s i l i c i d e  r a t h e r  t h a n  a n  a m o r p h o u s  p h a s e  ( s e c t i o n  4.6). 
P r e s u m a b l y  t h e  g r a i n s  a n d  g r a i n  b o u n d a r i e s  i m p e d e  c u r r e n t  f l o w  a n d  i n c r e a s e  
t h e  e f f e c t i v e  r e s i s t i v i t y  o f  t h e  layer.
A b o v e  3 5 0 °  C  t h e  s h e e t  r e s i s t a n c e  d e c r e a s e s  t o  p s  4 2 0  f 2 / n  a t  4 0 0  a n d  4 5 0 °  C  
m e a n i n g  t h a t  t h e  t h i c k n e s s  o f  t h e  silicide l a y e r  h a s  i n c r e a s e d .  M o r e o v e r ,  t h e  
s h e e t  r e s i s t a n c e  o f  t h e s e  l a y e r s  w a s  m e a s u r e d  b e f o r e  a n d  a f t e r  d i p p i n g  i n  t h e  
e t c h i n g  s o l u t i o n  f o r  r e m o v i n g  e x c e s s  c h r o m i u m .  T h e  m e a s u r e m e n t s  s h o w e d  n o  
c h a n g e  i n  t h e  s h e e t  r e s i s t a n c e .  T h i s  f a c t  c o n f i r m s  t h a t  all o f  t h e  C r  a t o m s  w e r e
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c o n s u m e d  i n  t h e  silicide l ayer. It w a s  c o n c l u d e d  t h a t  a t  t h e s e  t e m p e r a t u r e s  t h e  
t h i c k n e s s  o f  silicide l a y e r  is l i m i t e d  b y  t h e  s u p p l y  o f  C r  a t o m s .  T h i s  r e s u l t  w i l l  b e  
c o m b i n e d  w i t h  R B S  m e a s u r e m e n t s  t o  o b t a i n  t h e  v a l u e  o f  r e s i s t i v i t y  a b o v e  4 0 0 °  C  
( s e c t i o n  4.3).
4 . 2 . 2  T h e  e f f e c t  o f  a n n e a l i n g  t i m e
T h e  ef f e c t  o f  a n n e a l i n g  t i m e  o n  t h e  f o r m a t i o n  o f  t h e  i n t e r l a y e r  h a s  a l s o  
b e e n  e x a m i n e d .  T h e  r e s u l t s  s h o w  t h a t  t h e  s h e e t  r e s i s t a n c e  o f  t h e  C r - s i l i c i d e  l a y e r  
d e c r e a s e s  f r o m  a b o u t  8 8 0 0  f i / D  f o r  t h e  a s - d e p o s i t e d  s a m p l e  t o  7 0 0 0 ,  6 2 0 0 ,  5 8 0 0 ,  
5 5 0 0  a n d  5 0 0 0  Q / D  f o r  5, 10 , 2 0 ,  3 0  a n d  6 0  m i n u t e s  a n n e a l i n g  a t  200° C .  A t  
2 5 0 ° C  t h e  v a l u e s  o f  5 2 0 0 ,  4 2 0 0 ,  3 9 0 0 ,  3 6 0 0  a n d  3 1 0 0  1 2 / D  w e r e  o b t a i n e d  a f t e r  
5, 1 0 ,  2 0 ,  3 0  a n d  6 0  m i n u t e s  a n n e a l i n g .  F i n a l l y  a t  3 0 0 ° C ,  t h e  s h e e t  r e s i s t a n c e  
d r o p s  t o  3 3 0 0 ,  2 8 0 0 ,  2 2 0 0 ,  1 8 0 0 ,  1 5 0 0  a n d  1 3 5 0  0 / □  a f t e r  5, 1 0 ,  2 0 ,  3 0 ,  6 0  a n d  
7 5  m i n u t e s  a n n e a l i n g ,  r e s p e c t i v e l y .  F i g u r e  4 . 3  s u m m a r i s e s  t h e  r e s u l t s  w h e r e  t h e  
e r r o r  b a r s  a t  e a c h  p o i n t  c o r r e s p o n d  t o  t h e  s p r e a d  o v e r  a t  l e a s t  t h r e e  d i f f e r e n t  
s a m p l e s .
A t  first s i g h t  it s e e m s  t h a t  t h e r e  is a  t e n d e n c y  f o r  t h e  s h e e t  r e s i s t a n c e  t o  s a t u r a t e  
a f t e r  a b o u t  3 0  m i n u t e s  a n n e a l i n g  a s  s u g g e s t e d  b y  S e k i  et al [78]. H o w e v e r ,  t h e  
r e s u l t s  a r e  o f  g o o d  a g r e e m e n t  w i t h  p u b l i s h e d  d a t a  a n d  t h e  v a l u e  o f  s h e e t  r e s ­
i s t a n c e  a t  2 0 0 °  C  is c o m p a r a b l e  t o  t h e  v a l u e s  r e p o r t e d  b y  S e k i  e t  al [78]. T h e  
s a t u r a t i o n  t e n d e n c y  w i l l  b e  e x a m i n e d  i n  d e t a i l  i n  c h a p t e r  5  w h e r e  t h e  g r o w t h  
k i n e t i c s  o f  t h e  C r / a - S i : H  s y s t e m  w i l l  b e  s t u d i e d .  W e  w i l l  s h o w  t h a t ,  i n  fact, t h e  
s h e e t  r e s i s t a n c e  f o l l o w s  a  p a r a b o l i c  r e l a t i o n  w i t h  a n n e a l i n g  t i m e  ( s e c t i o n  5.2).
It s e e m s  t h a t  a s  t h e  t h i c k n e s s  o f  silicide l a y e r  i n c r e a s e s ,  its t r a n s p a r e n c y  t o  t h e
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diffusing species, specially a t the lower tem peratures, decreases and the probab­
ility of the m etal particles meeting Si atom s becomes small. Therefore, after this 
tim e the silicide form ation becomes slower (section 5.2).
Fig. 4.3. Sheet resistance of amorphous chromium silicide layers vs. annealing 
time
4.3  C r  su rfa c e  d e n s ity  in  th e  s ilic id e
The results of sheet resistance measurements show th a t a reaction between 
Cr and a-Si:H takes place at the interface and heat treatm ent has a clear effect on 
the silicide formation. In order to  support these results a large number of samples 
were analysed by Rutherford Backscattering (RBS) to  measure the am ount of Cr 
in the a-Si:H. The combination of the sheet resistance measurements and the 
surface density of the m etal at the interlayer gave useful inform ation about the
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composition of the interlayer silicide. In all cases, a He+ beam impinged nor­
mally to the interface and backscattered to a detector a t an angle of 160° to the 
incident beam. The area of the detector, placed a t the distance of 80 mm from 
the specimen, was 5.6 cm . The energy of the incident beam was 1500 lceV in 
all cases. Sometimes the incident beam  was ro tated  from the normal position to 
increase the depth resolution.
The RBS analysis has shown th a t the Cr concentration in the silicide increases 
w ith increasing annealing tem perature. The surface density of Cr changes from
2.3 to 3 .2 , 4.8, 8.5 and 11.3 (x lO 1 5  C r/cm 2) for the as-deposited samples and 
the samples annealed at 200, 250, 300, 350°C for 1  hour, respectively (figure 4.2). 
The small error bars a t each point indicate th a t different annealing and etching 
conditions have not had significant effects on the formation process.
The results show th a t the sheet resistance decreases with annealing tim e as the 
Cr content in the silicide layer increases. The extra Cr atoms contribute to the 
thickening of the silicide layer (section 5.2).
The measurement at 350° C is anomalous since there is an increase in chromium 
content and also an increase in sheet resistance. TEM  measurements showed 
th a t the reason for this anomaly was the onset of the crystallization of the sili­
cide layer. At 300°C and below, no structure was found in the silicide layer and 
it appeared amorphous but small crystallites were observed following an anneal 
at 350°C (section 4.6).
Channelling experiments were also carried out on the samples. We will show th a t 
the interlayer is too th in  to be able to obtain reliable results about the thickness 
and the structure of the layer by RBS (sections 4.5, 4.6 and 4.7). However, no 
trace of crystalline structure after low tem perature annealing was detected by 
this technique, meaning th a t the interlayer was probably of the form of micro­
crystalline or amorphous silicide.
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The RBS signals of the samples annealed at 400 and 450°C confirm the form­
ation of Cr-disilicide (CrSi2 ) w ith a thickness of about 800 A(figure 4.4). This
Channel number
Fig. 4.4. RBS signals of the Cr/a-Si:H  samples annealed a t 400 and 450°C
also confirms th a t all Cr were reacted with the a-Si:H layer. The initial Cr layer 
was ~  25 nm thick. Using the values obtained for sheet resistance a t these tem ­
peratures (section 4.2), the resistivity of this microcrystalline layer is estim ated 
to be about 3200 /ALcm. The resistivity of different Cr silicides in the range of 
20 to 6670 jiYl.cm have been reported in the literature (Appendix B). In sections 
below, we discuss the relation between annealing time, surface density and sheet 
resistance of the amorphous interlayer, and the relation between the interlayer 
thickness and the square root of annealing tim e (diffusion growth mechanism) 
will be examined (chapter 5).
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4.4 Stability of the Silicide
An im portant issue in the study of the interlayer silicide is its chemical 
and electrical stability during further processing steps. In this section some ex­
perim ents have been devised to investigate the stability of the silicide layer. The 
sheet resistance of the interlayer is used as a marker for the assessment of the res­
ults. At first the accuracy of the measurement and reproducibility of the results 
will be examined and then the stability  will be investigated.
4 .4 .1  R e l ia b i li ty  a n d  a c c u ra c y  o f  th e  sh e e t re s is ta n c e  m e a su re m e n ts
There are several reasons why the four point probe technique is usually 
used to investigate the properties of interlayers. No sample preparation and a 
fast measurement is a main reason. Therefore, this technique has been used 
throughout our work to measure the sheet resistance of interlayer of the m etal/a- 
Si:H systems. There has been excellent agreement between the sheet resistance 
and RBS measurements (chapter 5) which indicates th a t this technique is a good 
measure for the assessment of the interlayers. An im portant question regarding 
our measurements, is the validity, reproducibility and accuracy of the results. In 
order to  assess the measurements we have compared this technique w ith the Van 
der Pauw technique which is more accurate and reproducible. The geometrical 
correction factor in the four-point probe measurements is the m ajor source of 
error, while in the Van der Pauw technique the measurements are independent of 
the geometry of the samples. The Van der Pauw technique, on the other hand, 
involves a delicate sample preparation (section 3.2.1). In our work a large number 
of samples has been analysed by sheet resistance measurements. Analysis of a 
wide range of samples is difficult to carry out using Van der Pauw measurement. 
Therefore this technique is used in few cases to investigate the accuracy of sheet
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Annealing temperature (°C)
Fig. 4.5. Comparison between Rs obtained from the four point probe and Van 
der Pauw measurements.
12000
2000 4000 6000 8000 10000 12000
R (four-point probe)
Fig. 4.6. Correlation between the four point probe and Van der Pauw measure­
ments. The values of sheet resistance are in Q /D .
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resistance measurements based on the four point probe.
Figure 4.5 shows a comparison between the values of sheet resistance obtained 
by the two techniques. I t indicates th a t there is a good agreement between the 
two measurements. In figure 4.6 the Rs from Van der Pauw is plotted against 
the R s obtained by the four point probe measurement.
The linear fit with a negligible offset and a slope ^  1 between the two measure­
ments indicates th a t the four point probe measurements of sheet resistance are 
reliable and the difference between the two measurements is only about 5 percent 
or less. It also confirms th a t the geometrical corrections of the four-point probe 
measurements are valid. The difference may be partly  related to a systematic er­
ror and the set-up of the equipments and a change may be made to compensate 
for it.
4 .4 .2  D iffe re n tia l e tc h in g  to  re m o v e  excess m e ta l
After establishing the reliability of four point probe measurements the next 
step is the assessment of the etching process used to remove the excess metal from 
the surface. The metal removal process must be selective to the etching solution 
and also independent of etching time. This experiment evaluates the etching 
process for the Cr /a-Si:H  system.
At first, one Cr sample (sample 155 in table 4.1) was annealed a t 300°C for 1  
hour and then etched in the appropriate solution (section 3.1). The etching time 
was about 1  m inute which is the tim e normally used in all the other experiments. 
After measuring the sheet resistance of the interlayer, the samples were dipped 
in the etchant for further 5 minutes. A comparison of the sheet resistance after 
each step is made in table 4.1. We can see th a t for this large difference in 
the etching time, from 1  to  6  minutes, the values of sheet resistance are within 
acceptable limits w ith a difference of about 10 percent. This includes the error in
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Table 4.1. The effect of two step trea tm ent on the properties of the silicide. All 
samples were etched for 1  m inute after the first step.
C r /a -S i :H  sam p le
R n  (£?/□) 
before treatm ent
T re a tm e n t
R n  (Q/O) 
after treatm ent
sample 155 (300°C/1 hr) 1600 5 minute etching 1800
sample 43 (as-deposited) 8250 250°C/30m in 8300
sample 57 (as-deposited) 8900 250°C/30m in 8900
sample 156 (300°C/1 hr) 1550 300°C/1 hr 1500
sample 157 (2 0 0 °C / 1  hr) 5600 300°C/1 hr 6200
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four-point probe measurements. The results are also close to the average values of 
the previous measurements (figure 4.2). The experiment was repeated for several 
other samples, however, in all cases similar results were obtained after each step. 
Therefore the etching process shows excellent selectivity between chromium metal 
and chromium silicide.
The above result is very im portant because it also confirms th a t all the remaining 
m etal atoms are bound to silicon otherwise they would be removed by the etching 
solution. This argument is used later (chapter 5).
4 .4 .3  D o u b le  a n n e a l e x p e r im e n t to  check  th e  s ta b i l i ty  o f  th e  s ilic id e
In th is section different experiments were devised to  check the stability of 
the interlayer silicide. A further heat trea tm ent step was carried out following 
the form ation of an interlayer.
The following treatm ents were carried out on different samples:
•  The unreacted chromium from different as-deposited samples was etched 
away and the sheet resistance of the silicide layers was measured. The 
samples were then annealed a t 250° C for 30 minutes and etched again for 
1 minute. The sheet resistance was measured again (samples 43 and 57 in 
table 4.1).
•  A Cr/a-Si:H  sample was first annealed at 300°C for 1  hour. This sample 
was then etched for 1  m inute to  remove the unreacted chromium layer 
and annealed again for a further 1  hour a t 300° C. At each step the sheet 
resistance of the interlayer was measured (sample 156 in table 4.1).
•  A nother sample was first annealed a t 200°C /lh r, etched for 1 m inute and 
annealed a t 300°C for another 1  hour (sample 157 in table 4.1).
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The different treatm ents and the results of sheet resistance measurements after 
different steps are summarised in table 4.1. As we can see in all cases the sheet 
resistance remains unchanged, w ithin the experimental error, after the second 
treatm ent. It can therefore be concluded th a t no more reaction takes place after 
the formation of a silicide layer in the as-deposited samples or in the samples an­
nealed below 300° C and the silicide composition is stable chemically and spatially. 
This is of good agreement w ith the published d a ta  which predicts the formation 
of a stable silicide layer a t the interface [78]. Moreover, the as-deposited layer 
is electrically active and physically stable. Therefore, no annealing is needed to 
activate the layer.
Finally to check the effect of further processings on the properties of the silicide 
layer, specially its stability, a sample was annealed a t 250° C and the unreacted
Fig. 4.7. RBS signals of a sample with buried Cr silicide.
chromium layer was etched in the Cr solution. A layer of silicon nitride (SiN^.)
64
of a thickness of 250A was then grown on top of the silicide layer and the sample 
was analysed by RBS technique. The surface density of Cr after annealing at
1 r O
250 C for 1  hour was about 5x10 /cm  which was the same as the average 
surface density a t this tem perature (figure 4.2). It can therefore be concluded 
th a t the properties of CrSi2  is not affected by depositing an extra layer on it. 
The RBS signal of this sample is shown in figure 4.7.
4.5  A u g e r  e le c tro n  s p e c tro s c o p y  (A E S )
AES technique is used for surface analysis of thin films. This technique can 
have a high spatial resolution and is particularly used for detecting elements th a t 
are lighter than  the host m aterial and therefore difficult to  analyse by RBS (see 
section 4.3). Here we use AES to obtain inform ation about the composition of the 
interlayer silicide and its depth profile. The technique provides complementary 
inform ation to RBS measurements, therefore, a comparison between AES and 
RBS measurements is also given.
The Auger signals measured (at P.R.L. Redhill) for a Cr/a-Si:H  sample annealed 
a t 300°C for 1  hour are shown in figure 4.8. A considerable am ount of oxygen is 
detected a t the surface. This suggests the existence of surface oxides of Si and Cr 
with a thickness of ps2 0  A. A negligible am ount of oxygen exists below the sur­
face. A trace of carbon im purities is also present in the signal. From the Cr and 
Si signals the composition of the silicide layer is very close to chromium disilicide 
(CrSi2 ). There are large tails in the signals which are due to atomic mixing and 
forward sputter-etching of the layer by argon. This prevents an accurate value of 
the thickness of the silicide to be obtained.
In figure 4.9 we have compared the values of Cr surface densities obtained us­
ing AES and RBS measurements. I t shows th a t the surface densities obtained 
from the AES technique are ?£60 % higher than  those from RBS, which is due
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100
Fig. 4.8. Auger signals of a Cr/a-Si:H  sample annealed a t 300°C for 1  hour.
Fig. 4.9. Comparison between AES and RBS measurements
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to preferential sputtering of the silicon compared with the chromium. W hen a 
correction factor is applied, however, there is good correlation between the results 
of the two techniques (p — 0.996). This is another proof for the consistency of 
the results.
Taking into consideration the above mentioned effects the thickness of the silicide 
layer is calculated to  be at most «  40 A based on the auger signals.
Figure 4.10 contains the Cr signals from the layers formed at different tem perat­
ures. We can see th a t the to tal am ount of Cr atoms in the silicide layers clearly
80 100 120 140 160 180 200
depth (A)
Fig. 4.10. AES chromium signals at different annealing tem peratures
increases w ith annealing tem perature. However, the signals of the as-deposited 
and 200°C samples do not seem consistent with a CrSi2  phase. This is due to the 
resolution lim it of the AES technique (table 3.1). We will show th a t the silicide 
phase is always of the form of disilicide (CrSi2 ) and its thickness a t low annealing
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temperatures is below 20 A (section 5.1).
4.6 T h e  s t r u c tu r e  a n d  th ic k n e s s  o f  th e  C r  s ilic id e  - T E M  e x p e r im e n t
In this experiment the TEM  technique is used to  investigate the inter­
face of the Cr/a-Si:H  system after the formation of a silicide interlayer by low 
tem perature annealing. We have already mentioned the difficulties in obtaining 
inform ation about the thickness of our u ltra-th in  silicide layers using RBS and 
AES techniques. The lim it to  RBS resolution close to  norm al incidence is far 
greater than  the thickness of the silicide layers formed in the Cr/a-Si:H  system 
a t low tem peratures, while the AES produces large tails due to atomic mixing. 
However, from Auger signals we could estim ate the thickness of a silicide layer 
to  be about 40A. Furtherm ore, there is no information about the structure of 
the silicide phase in RBS and AES signals. Transmission electron microscopy 
(TEM) is able to provide more reliable and relatively accurate measurements of 
the thickness of very thin layers. The two main objectives of the TEM  experi­
m ent, therefore, are to measure the thickness of the silicide layer and to explore 
its structure and find out w hether the silicide is amorphous or crystalline.
The TEM  cross section m icrograph of a Cr/a-Si:H  sample annealed a t 300°C is 
shown in figure 4.11. As it is seen the surface of the Cr silicide layer is not flat 
and the roughness of the layer can be measured to be about 130A (maximum 
peak to valley distance). I t is clear th a t the measured roughness is due to the 
initial roughness of the a-Si:H surface. This is proven by the fact th a t the inter­
layer silicide follows the shape of the original surface and th a t the experimental 
error in the thickness m easurement is much lower than the roughness of the sur­
face. As a consequence the measured value of the silicide thickness in a certain 
region could be affected by the roughness of the a-Si:H surface in the direction
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Fig. 4.11. TEM  cross section of a C r/a-Si:H  sample annealed a t 300°C.
L -114 c m
Fig. 4.12. Diffraction pattern of a Cr/a-Si:H sample annealed at 300°C.
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perpendicular to  the cross section plane. Based on these facts the thickness of 
Cr silicide layer is measured to be about 40±5A. This value has to be considered 
as an upper lim it of the m etal silicide thickness. The value is of good agreement 
w ith the estim ate obtained using AES.
The diffraction pattern  obtained for this layer is shown in figure 4.12. There is 
no evidence of crystalline structures in the pattern , therefore it confirms th a t the 
layer is an amorphous silicide. However in some parts of the sample there were 
traces of crystalline structures which was due to heating the sample during ex­
posure to  the argon sputtering in the ion milling machine (figure 4.13). Because 
of the amorphous structure of the samples and the glass substrate, the sputtering 
rate of the layer was substantially lower than  the sputtering rate of standard 
samples grown on crystalline silicon substrates. Therefore the samples must be 
exposed to the sputtering for much longer times. As a results there was a heating 
problem during the ion milling process in several cases due to  increasing of the 
beam current which resulted in the crystallisation of the a-Si:H.
For a sample annealed at 350° C the diffraction pattern  confirmed the presence of 
microcrystalline structures a t the interface. These results correspond to  the two 
phases predicted from the sheet resistance changes shown in figure 4.1.
A nother sample used for TEM  measurement was made by depositing chromium 
onto a pre-amorphised crystalline silicon substrate instead of a layer deposited
•j p*  9 oo
using PECVD. A c-Si wafer was bom barded w ith 1x10 cm Si atoms at 
an energy of 20 keV. The wafer was then hydrogenated at 300° C for 1  hour. 
After depositing chromium a piece of this wafer was annealed a t 250°C for 1  
hour and the excess Cr was etched away. The TEM  cross section of this layer is 
shown in figure 4.14 indicating the thickness fringes on LHS. The depth of the
A « 28which corresponds well with the range of 20 keV Si . 
The micrograph shows an overlap of three layers of silicide a t the surface which is
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Fig. 4.13. Crystallisation effect of a-Si:H and CrSi2  during TEM  sample pre­
paration. The sample was annealed a t 300°C.
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mFig. 4.14. TEM cross section of a Cr/a-Si:H  sample annealed at 250°C.
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due to  the roughness of the amorphised silicon surface. The thickness of a single 
silicide layer was measured to be about 2 2 A.
Combining the value obtained for the thickness from AES and TEM  and the 
surface density obtained from RBS measurements we will obtain the composition 
of the silicide layer in section 5.1.
4 .7  T a ly s te p  m e a su re m e n t o f s ilic id e  th ic k n e ss
The thickness of the silicide was also measured using a talystep. In this 
measurement extreme cleanliness of the surfaces was necessary. A sample an­
nealed for 30 minutes a t 300°C was used. The sample was patterned and masked 
photolithographically and then was etched in Cr solution and hydrofluoric acid 
to remove the excess Cr and the silicide layer. After removing the mask the
5*35 Al 12/1211M
Fig. 4.15. Thickness measurement of a sample annealed a t 300°C using a ta ­
lystep.
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sample was etched in Cr solution to create a sharp step between the silicide sur­
face and a-Si:H layer (chapter 3.1). W ith  ‘u ltra  care’ we obtained the signal 
shown in figure 4.15. The result confirms th a t the thickness of the silicide is 
about 35±5 A which is consistent w ith the AES and TEM  measurements. The 
fluctuations in the signals correspond to  the uneven surfaces of the silicide and 
a-Si:H and the vibration of the measuring probe.
4.8  T h e  E ffec t o f H y d ro g e n  c o n te n t  a n d  D efec ts  o n  th e  fo rm a tio n  a n d  
p ro p e r t ie s  o f  th e  s ilic id e
The purpose of this experiment was to  investigate the effect of microstruc­
ture of a-Si:H including the hydrogen concentration and defect states in a-Si:H 
on the formation of interlayer silicides. The content of hydrogen and defect dens­
ity in the a-Si:H are functions of the deposition conditions and can be altered 
by changing the substrate tem perature during deposition and Rf power in the 
deposition chamber (figure 4.16) [4].
io,B
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Fig. 4.16. The dependence of m aterial properties on deposition conditions [4].
For this experiment the a-Si:H layers were deposited at substrate tem peratures 
of 150, 200 and 250°C. The hydrogen concentration was estim ated to
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be 19, 13 and 9 percent for the samples deposited a t 150, 2 0 0  and 250°C, re­
spectively.
In practice the film deposited a t lower tem peratures showed less tendency to 
stick on glass. The film deposited a t 150°C would not stick on the glass a t all, 
therefore further processing could not be carried out.
The sheet resistance of the silicide layers formed on top of the a-Si:H layers de­
posited a t different tem peratures are plotted in figure 4.17 against the annealing 
tem perature. As we can see, the sheet resistance for both cases are similar and it
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Fig. 4.17. The effect of the substrate tem perature on the sheet resistance of the 
interlayer silicide
seems th a t there is no difference between the interaction between chromium and 
a-Si:H for the two films deposited at different tem peratures. It can be concluded 
th a t an increase in the hydrogen concentration of a-Si:H has not had significant
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effects on the properties of the interlayer. At tem peratures lower than  the op­
timum tem perature («  250°C) the increase in the hydrogen content contributes 
to the formation of more defects in the structure of the material. If we assume 
th a t an increase in the defect states can increase the reaction as usually expected, 
it is probable th a t the growth of the a-Si:H film a t tem peratures below or above 
the optimum tem perature can improve the interfacial reaction regardless of the 
hydrogen concentration. However these effects seem to be negligible in the range 
of this experiment. The role of hydrogen on the formation and properties of the 
amorphous silicides will be studied in detail in future work.
4.9 S p u t te r  c le a n in g  e x p e r im e n t
In some cases prior to the deposition of the Cr layer, the surface of a-Si:H 
was sputtered by Ar ions at a power of 500 W  for 3 minutes to clean the surface 
from oxide layers and contam ination. The reaction between chromium and the 
sputter cleaned a-Si:H was studied for an as-deposited sample, a sample annealed 
at 2 0 0 ° C for 1  hour and a sample annealed a t 300° C for 1  hour. After removing 
the unreacted Cr layer the sheet resistance of the layer was measured. The 
measurements showed th a t the sheet resistance approaches infinity in all cases. 
This means th a t almost no reaction takes place between Cr and Si after sputter 
cleaning of the a-Si:H surface. In fact no Cr was detected from RBS signals of 
these samples confirming th a t no silicide layer was formed at the interface. A 
possible effect is th a t the sputtering and ion damage may cause the hydrogen 
atoms to  leave the a-Si:H layer. Normally the m igration of hydrogen atom s can 
create more defects in the m aterial and improve the interfacial reaction with 
Cr. This phenomenon does not take place here as the reaction has not taken 
place. Therefore extra phenomena may happen w ith the sputtering. A possible 
phenomenon is the crystallisation of the a-Si:H surface. The reaction between Cr
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and crystalline silicon is much more difficult than the reaction of Cr and a-Si:H 
a t lower tem peratures because of the perfect structure of a crystal (section 2 ). 
The presence of argon at the surface of the specimen after sputtering may also 
play a role in inhibiting the reaction.
4 .10  C o n d itio n s  fo r th e  fo rm a tio n  o f a m o rp h o u s  s ilic id es  in  m e ta l /S i
sy s te m s
In this work we have shown th a t a very th in  amorphous chromium silicide 
is formed a t the interface of Cr and a-Si:H. There has been some reports about 
the possibility of the form ation of amorphous alloys by a solid state diffusion 
of pure polycrystalline metals under isothermal conditions [64]. Two essential 
conditions must be satisfied for the formation of amorphous layers. The first 
condition is th a t the heat of mixing of the two elements m ust be negative to 
provide the therm odynam ic (chemical) driving force for the reaction. Secondly, 
the rate  of interdiffusion of one element must be substantially higher than  th a t of 
the other element a t tem peratures below the crystallization tem perature of the 
amorphous alloy. Shwarz and Johnson [64] have shown th a t these conditions are 
m et in the polycrystalline A u /L a system, where Au acts as a fast diffusing atom, 
and single-phase amorphous alloys can be obtained over a large range of compos­
itions. Holloway and Sinclair [63] have dem onstrated th a t an amorphous silicide 
is formed in poly-T i/a-Si system by inter diffusion, although Si is not known to 
be a fast diffuser in Ti. They concluded th a t Si diffusion in the amorphous alloy 
does not need to be rapid for intermixing in this system a t tem peratures below 
the crystallization tem perature.
In the Cr/a-Si:H  system it seems th a t the formation of an amorphous silicide 
phase below 300° C is mainly controlled by the amorphous structure and the 
defect densities of the a-Si:H layer (chapter 5).
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4.11 Conclusion
The reaction between Cr and hydrogenated amorphous silicon a t low tem ­
peratures has been studied by different techniques. It has been shown th a t an­
nealing has a clear effect on the form ation of an interlayer silicide a t the  interface. 
By increasing the annealing tem perature and /o r tim e it is possible to reduce the 
sheet resistance and simultaneously increase the surface density of the silicide. 
The thickness of the silicide formed a t 300°C is around 40 A. The Cr silicide is 
of the form of amorphous CrSi2  below 300° C while it is crystalline CrSi2  above 
300°C. The resistivity of CrSi2  above 400°C is about 3200 pClcm. We have 
shown th a t the amorphous CrSi2  layer is physically and chemically stable. It 
was indicated th a t the formation of the chromium silicide layer is not particu­
larly sensitive to differences in experimental conditions and it is relatively easy 
to obtain reproducible silicide growth.
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C h a p te r  5
Composition, Resistivity and Growth Kinetics of 
A m o r p h o u s  Cr-Silicide
5.1 C o m p o s it io n  a n d  R e s is t iv i ty  o f C r-s ilic id e
The effects of annealing tem perature and tim e on the form ation and prop­
erties of an interlayer silicide in the Cr/a-Si:H  system were discussed in chapter 
4. In particular we showed th a t below 300°C the sheet resistance of the silicide 
falls w ith increasing annealing tem perature and time (figures 4.2 and 4.3). On 
the other hand the surface density of Cr increases with annealing tem perature 
and time. In figure 5.1 we have plotted a graph of the Cr surface density against 
sheet resistance of the layer. This graph contains da ta  from about 100 samples 
prepared from 1 0  different deposition runs using the typical conditions outlined 
in section 3.1 but they also include da ta  from a-Si:H layers grown at 200°C and 
chromium layers deposited in the Nordiko machine. The da ta  contains a large 
com bination of annealing tim e and tem perature below 300°C. Some im portant 
results which are obtained from this graph are
•  A t 300°C and below there is an excellent correlation between the sheet 
resistance and the surface density of chromium atoms.
•  The relation between the inverse of the sheet resistance (R ) and the 
surface density of chromium atom s (N ^  =  {Nt}(yr ) is linear.
•  The results are reproducible to within a small value over the correlation 
line.
The excellent linear relation confirms that
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1. T h e  r e d u c t io n  in  th e  sh e e t r e s is ta n c e  as th e  a n n e a lin g  te m p e r ­
a tu r e  a n d /o r  t im e  is in c re a se d  to  300° C is a s s o c ia te d  w ith  a n  
in c re a se  in  th e  c h ro m iu m  c o n te n t  in  th e  s ilic id e  lay e r.
2. T h e  d e c re a se  in  sh e e t re s is ta n c e  w ith  in c re a s in g  a n n e a lin g  te m ­
p e r a tu r e  is s im p ly  r e la te d  to  a n  in c re a se  in  th ic k n e ss  o f th e  a m o rp h ­
ous s ilic id e  lay e r.
3. T h e  re s u l t  is c o n s is te n t w ith  n o  ch an g e  in  c o m p o s itio n  o f th e  
s ilic id e  o r  i ts  r e s is t iv i ty  w ith  a n n e a lin g  te m p e r a tu r e  o r  t im e  even  
fo r th e  h ig h e s t sh e e t r e s is ta n c e  v a lu es .
Rs (D/square)
10000 4000 2000 1250 1000
Fig. 5.1. Relation between Cr surface density and silicide sheet resistance in the 
Cr/a-Si:H  system following annealing a t various tem peratures <300°C]
From the graph, however, it is apparent th a t since the line does not intersect the 
origin there are residual chromium atoms th a t do not effect the resistivity. These
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are most probably from an oxide layer on the surface.
The thickness of the silicide layer has been measured in some cases by different 
techniques (chapter 4). These values can be used to calculate the composition of 
the silicide layer over the range of tem perature below 300°C.
1 r n
TEM  measurements showed th a t a sample containing « 8 x 1 0  C r/cm  had at 
most a thickness of «  35±5 A. A thickness of about 40±5 A was obtained rising 
AES results from the same sample. A nother TEM  micrograph showed th a t after 
annealing a t 250°C for 1 hour, the thickness of the silicide was about 2 2 A. Using 
a Talystep machine it was established th a t following a 30 min anneal a t 300° C 
the silicide had a thickness of <  40±5 A. Using the sheet resistance values for 
these samples the resistivity was determ ined to be P3 6 0 0 ± 1 0 0  pQ.cm.
In order to find out the composition of the silicide we now work out the relation 
between silicide thickness and composition and the m etal surface density. As­
suming th a t the silicide interlayer is of the form of CrSfy and is uniform over the 
surface and in depth, the thickness of silicide layer (ds ) can be calculated from 
the equation
N s . , x ( 1  +  x) 
ds =  rmtal/  (5 .J)
The
where x  is the ratio of Si to  the m etal in the silicide, NSmefai is the surface density 
of the m etal obtained by RBS and Nmefai and NSi- are the atomic density of metal
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and silicon, respectively. For Cr silicide where Ncr= 8 .3 3 x l0  and Ns^ = 5 x l0
q
a t/cm  [106], equation 5.1 results in
N s .,(1 +  a; ) 2  
d3 =  -—  metal  (a n j (5 .2 )
s (8.33 +  5s) X 102 2
where N ^ r  is the Cr surface density in 10^° C r/cm 2. This equation is plotted 
in figure 5 . 2  for different silicide compositions. The Cr surface density (N ^  ) is
Fig. 5.2. Relation between Cr surface density, silicide thickness and composition
directly calculated from RBS signals, therefore if one of the other two param eters 
are known, the th ird  param eter will be defined. Using the above values for thick­
ness obtained by different m easurement techniques we have calculated th a t in all 
cases the composition is very close to CrSi2  (table 5.1) and is of good agreement 
with the Auger signal (section 3.6).
The above procedure contains an assum ption th a t the surface density of CrSty 
is a linear function of the densities of Cr and Si. This assumption may cause 
some error in the calculation of composition of the silicide. However, an estim ate 
of the thickness and composition can be obtained if the density of the silicide is 
unknown.
A more accurate approach is to directly calculate the density (specific gravity)
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Table 5.1. The composition of amorphous chromium silicide
sa m p le
{Nt}C r
(1 0 1 5 /c m 2)
thickness
(A)
measurement
technique
S i/C r ratio  
(x)
sample 252 8 . 1 35 TEM «  1.7
sample 252 8 . 1 40 AES ^  2
sample 582 4.5 2 0 TEM «  1 . 8
sample 182 8 . 2 40 Taly step 2
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of the silicide and compare it to the densities o f known silicides. From the com­
parison the closest composition w ill be obtained.
For a chromium silicide of the form of CrSfy we have
52 +  28 x  x
average atomic weight =  —   — (gm /m ol) (5.4)
1 +  x
and
density in at/gm  =  52+^xx  ( ^ / m o l )  (a ‘ /gm ) (5 '5)
o Ns, Nd (I + l) iV® . 
surface density in gm/cm =  — 17s —  =  — [ r =  ■ x  (52 +  28ad
A *  W + f e
T+aJ 1+a;
(5.6)
where and are the atomic and chromium surface density in CrSfy. 
Finally the density (p) o f the silicide is calculated from
1 N n t
p =  -  x  - x (52 +  28(c) gm/cm (5.7)
d ™Avo
The composition of the silicide can then be estimated using a sample with a 
known thickness and surface density. In figure 5.3 we have plotted the relation 
between the density and Si to C r ratio for different samples with known thick­
nesses using the average surface density at the formation temperatures (section
4.3). In this graph a comparison is made with the density of the known silicides in 
crystalline silicon. From the crossing point of these graphs the composition can be 
estimated. In our system the surface density and the thickness are consequently 
consistent with a £sCrSi2 phase with a specific gravity of ?£4.8±10% gm/cm  ^
O
which is the same as that for crystalline C rS i2 (~5 .0  gm/cm [24]) within experi­
mental error. The error is partly from the measurement of the surface density and 
more im portantly from the uncertainties in the measurement of thickness. In the 
previous section it was established that the composition does not change- below
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annealing tem peratures of 300°C. This confirms th a t the amorphous silicide is 
always close to CrSi2  below 300°C. Indeed CrSi2  is the only phase formed in the 
chromium, crystalline silicon system and it has been predicted th a t this phase is 
amorphous at low tem peratures before becoming crystalline (section 2.3).
«L <2 <2 <2
o do d d d
Fig. 5.3. A graph for calculating the silicide composition from the density of the 
known silicides.
Bost and Mahan [115] have reported th a t crystalline CrSi2  has a resistivity of 
5 m fi.cm  at room tem perature and behaves as an extrinsic narrow band gap 
semiconductor, while intrinsic behaviour was not observed until the tem perature 
exceeded m200°C. It was found th a t our amorphous silicides have similar char­
acteristics with the resistivity insensitive to tem perature below ^ 3 0 0 °C (figure
5.4). Because it is very th in  (a few nm) amorphous CrSi2  can act as a transparent 
layer even in the short wavelength region of the spectrum.
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5.2 Silicide growth kinetics
In section 4.2.2 we investigated the effect of annealing tim e on the sheet 
resistance of the silicide. The sheet resistance (Rs) against annealing tim e (t) is 
shown in figure 4.3 for different annealing tem peratures. The slope of the curves 
is similar to th a t reported by Seki et al [78] bu t instead of saturation with time 
we found th a t the curves are well fitted by parabolic curves. The fitted curves 
in figure 4.3 are in the form of R s =  a -+ Since the thickness (d) is
proportional to the inverse of R 5  these curves strongly suggest th a t the thickness 
of the silicide is determ ined by a simple diffusion mechanism commonly found in 
silicide form ation [35,17, 29]. According to  the diffusion mechanism the thickness
Fig. 5.4. The resistivity of amorphous CrSi2  a t different measurement tem per­
atures (Tm ).
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of the layer is related to the annealing time by a function
(5.8)
where A E s is the activation energy for silicide growth and A is a growth rate 
constant. The results of section 5.1 confirm th a t the composition, resistivity and 
atomic density of the silicide layer remain constant in the range of heat treatm ent. 
Therefore the thickness of silicide layer can be calculated from its sheet resistance 
(R n ) and resistivity (p) using the equation
2
From equation 5.8 a plot of d versus annealing tim e should yield a straight line. 
As seen from figure 5.5 this is indeed the case and apart from the fact th a t the 
lines do not pass the origin, the form ation of the amorphous silicide is well rep­
resented by equation 5.8. The offset a t t= 0  is due to the interaction between the 
chromium and the a-Si:H during the m etal deposition process and the formation 
of a very thin silicide w ithout any annealing a t all.
The value of A, the growth rate  constant, a t each tem perature is obtained from 
the slope of the lines in figure 5.5 and by plotting logA versus 1 /T  the activation 
energy of the silicide growth can be obtained. Figure 5.6 shows th a t there is a 
good linear fit to the da ta  and from the slope an activation energy of 0.55±0.05 eV 
is obtained. The prefactor (A0) is 8 x 1 0  1 2  cm 2 /s .
The thickness of the silicide layer can also be determined from the Cr surface 
density measured by RBS. Since the composition of the silicide does not change 
with annealing tem perature, the atomic density in a t/cm  and the specific grav-
q
ity in gm /cm  remain constant. Using equation 5.7 the density of the layer is 
obtained from
x (52 +  28a;) gm/cm3 (5.10)
^Avo
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Fig. 5.5. The square of the silicide thickness against annealing time. The 
solid symbols are from sheet resistance and the open symbols are from RBS 
measurements.
300 C 250 C 200 C 150 C
1000/T
Fig. 5.6. Arrhenius plot for rate  constant vs. reciprocal annealing tem perature 
in the Cr/a-Si:H  system
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calculated value for density, «  0 .25xlO l0 C r/cm 2/A  is obtained for the
amorphous CrSi2 - The thickness can therefore be calculated from
Where n 2 ^ * x is the volume density of Cr in Cr/cm^ in CrSQ. Using the
N q t cm  2 
jyCrS%2 cm~^ (cm) (5-11)
Cr
^  — 1 -  (A) (5.12)N r  cm 2
0.25 x 1 0 1 5  cm- 2 A — 1
where N g  , the surface density of Cr in CrSi2 , is obtained from RBS measure­
ments. The values of thickness squared obtained by this m ethod are shown in 
figure 5.5 together w ith the results obtained from sheet resistance measurements. 
The results are very similar in both  cases.
5.3 T h e  co n cep t  o f  p re -a n n e a lin g  t im e
It was shown earlier th a t the fitted lines of square thickness against an­
nealing tim e have offset values a t zero annealing time (figure 5.5). In fact, a 
th in  layer of silicide is formed even w ithout annealing. In order to consider the 
effect of the offset values a model based on a concept of pre-annealing time is 
introduced. According to  this model equation 5.8 is suggested to  be replaced by
d2 =  Ax (t0  +  t 0)(5.13)
where t a is the actual annealing tim e and t Q is the time related to the initial 
thickness before annealing at the relevant tem perature. This means th a t the 
curves of square thickness against annealing time should shift to the right so 
th a t the curves intercept the origin. From the calculations we found different 
values for t 0  a t different annealing tem peratures. As the annealing tem perature 
increases the pre-annealing time decrease. For example at 300°C, t Q is about 4
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times smaller than  t 0  a t 200°C. In fact it is because the diffusion rate a t different 
tem peratures are different. At higher tem peratures the creation of more defects 
result in a faster interdiffusion, so th a t the pre-annealing tim e is lower.
5.4  D is c u ss io n
In this chapter we discussed the growth mechanism of the Cr/a-Si:H  sys­
tem. An activation energy of 0.55 eV has been obtained for this system which is 
very much smaller than  th a t measured for chromium silicide formation a t higher 
tem peratures. Above 400°C an activation energy A E s=1.7eV has been reported 
in the Cr/c-Si [35, 6 6 ]. This feature together w ith the change in tim e dependence 
from t for crystalline to t 1 / 2  for amorphous silicide suggest th a t the mechanism 
responsible for the formation of the amorphous CrSi2  phase is quite different. 
Furtherm ore the growth rate constant A 0  is several orders of m agnitude smaller 
than  values measured in crystalline systems and explains why a process which 
has an activation energy as small as 0.55 eV forms layers which are only a few 
nanometers thick. The growth process presum ably involves a comparatively small 
number of sites and it seems likely th a t hydrogen plays a role because of its abil­
ity to passivate traps in amorphous m aterials and provide an easier route for 
diffusion.
The existence of vacancies and intrinsic defects of a-Si:H is probably an im port­
ant factor in the interdiffusion mechanism. The reaction could be controlled by 
the possibility of breaking the H-Si bonds. The breaking and m igration of hy­
drogen atoms could leave a more disordered layer behind. Therefore by breaking 
more H bonds, more routes for the interdiffusion may be provided. According 
to  the published da ta  [6 8 ] the presence of H in the a-Si significantly reduces the 
interstitials and traps which influence the interdiffusion of m etals and a-Si, be­
cause H is strongly bonded to  the defects and traps and passivates them . The
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residual traps can, however, influence the interdiffusion during heat treatm ents. 
A non-zero value for the thickness of as-deposited samples might be a result of 
the diffusion through the defects during spu tter deposition.
5.5 C o n c lu s io n
It was found th a t spu tter deposited chromium interacted with hydrogen­
ated amorphous silicon and formed an amorphous silicide at tem peratures below 
^ 3 0 0 °C. The silicide layers were typically a few nanom eters thick and had a com­
position close to CrSi2 - The resistivity of the amorphous silicide was «600/zfi.cm 
at room tem perature and was independent of the tem perature a t which it was 
formed. The tem perature dependence of the resistivity was consistent with an 
extrinsic narrow gap semiconductor. The rate  of growth of the amorphous silicide 
was well described by a classical diffusion mechanism having a low activation en-
 10 9
ergy of ^0 .55 eV and a growth rate  constant of ^ 1 0  cm /s . These values are 
very much smaller than  those typically measured for chromium silicide formation 
in crystalline systems and suggest th a t the diffusion process is quite different.
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C h a p t e r  6
Electrical characteristics of 
a-CrSi2/a-Si:H Schottky barriers
6.1 In t ro d u c t io n
In a Schottky diode structure, the back contact consists of a  layer of heav­
ily doped n-type a-Si:H deposited on the back metal so th a t the depletion width 
a t the back contact is very low (<  1 0  nm). The top metal Schottky contact is 
deposited by vacuum evaporation or sputtering onto the undoped a-Si:H (figure 
3.1(b)). In order to remove any oxide contam ination from the a-Si:H surface, the 
layer must be dip etched in diluted (10:1) hydrofluoric acid for 30 seconds just 
before loading into the deposition chamber. W ith this structure, the electrical 
properties (J-V characteristics) of the Schottky diode are mainly defined by the 
top Schottky contact [35].
Based on our knowledge of the form ation and properties of the amorphous inter­
layer silicide (chapters 4 and 5) and the available literature [114] the electrical 
properties of the interlayer barrier formed a t different tem peratures will be stud­
ied in this section . The Schottky contact between the m etal and a-Si:H is an 
essential tool for exploring the properties of the interlayer. Current-voltage meas­
urements (I-V or J-V) are used to obtain information about the barrier height 
and the ideality factor of the silicide/a-Si:H Schottky contact. Furtherm ore, 
the effects of reverse and forward bias during annealing will be studied (bias- 
anneal experiments). Taking into consideration the notes in section 3.2.6, we 
have used thermionic-emission equation with the Richardson constant of about
 o  o
120 Acm I< to determine the barrier height (section 2.7).
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An interlayer silicide can improve the quality of the m etal/a-Si:H  interface, de­
crease the specific contact resistance and effect Schottky barrier height and diode 
properties [94, 116]. Therefore detailed electrical measurements of the barrier 
can tell us a lot about the electrical properties of the interlayer.
6.2 T h e  e ffect o f  h ea t  t re a tm e n t  o n  th e  p ro p e r t ie s  o f  th e  s ilic id e/ a -  
S i :H  S ch o ttk y  b a r r ie r s
In this experiment each sample consisted of an array of Schottky diodes.
The thickness of the intrinsic a-Si:H and the top Cr layers were about 1 micron
and 25 nm, respectively. The area of the m etal contact of each diode was about 
o
160x160 p]m . The experiments were repeated several times to make sure about 
the consistency of the results.
The current-voltage (J-V) characteristics of a-CrSi2 /a-Si:H  Schottky barriers 
formed a t different tem peratures are shown in figure 6.1. The measurements 
show th a t the barrier height of the CrSi2 /a~Si:H diodes determined from the for­
ward region of the current-voltage characteristics (V >  3kT /q) are about 0.90, 
0.88, 0.90, 0.89, 0.88 and 0.82 eV for the as-deposited and the samples annealed 
a t 200, 250, 300, 350 and 400°C for 1 hour, respectively. The results are sum­
marised in table 6.1. The measurements of J Q from the reverse direction result 
in barrier heights very similar to  the measurements of forward direction.
There are some im portant results from the J-V characteristics (figure 6.1) and 
the measurements (table 6 .1 ) which can be summarised as below:
1. The barrier height of the a-CrSi2 /a-Si:H  Schottky contact formed at tem ­
peratures below 350°C has almost a constant value of about 0.9 eV.
2 . An ideality factor about 1.2 or less can be obtained for the samples annealed 
up to 300°C.
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Fig. 6.1. J-V characteristics of the silicide/a-Si:H Schottky diodes formed in the 
Cr/a-Si:H  system.
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Table 6.1. Barrier height and ideality factor measurements after heat treatm ent.
CrSi2 /a-Si:H
diode
_o
J Q (Acm ) from <I>B (eV) from
ideality
factor
forward bias reverse bias forward bias reverse bias
as-depo 8 x l 0 ~ 9 1 . 2  X  1 0 - 8 0.90 0.89 1.4
200°C/1 hr 1 .9 x l0 - 8 1 .8 x l 0 ~ 8 0 . 8 8 0 . 8 8 1.15
250°C/1 hr 8 x l 0 “ 9 7 x l0 - 9 0.90 0.91 1 . 1
300°C/1 hr 1 .5 x l0 ~ 8 1 .8 x 1 0 “ 8 0.89 0 . 8 8 1.15
350°C/1 hr 2 x l 0 - 8 1.4x lC T 8 0 . 8 8 0.89 1.35
400°C/1 hr 1 .7 x l0 - 7 1.7x10 “ 7 0.82 0.82 2.3
* The barrier height obtained from a graph of J r  against V ^/4 . i
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3. The ideality factor of the as-deposited sample is substantially higher than 
th a t for the the samples annealed below 350°C.
4. The J-V characteristics of the samples annealed a t 350°C are similar to 
those of the samples annealed below 350°C, while they are different for the 
sample annealed a t 400° C.
Comparing the characteristics of different samples it is found th a t the forward 
characteristics of the samples prepared below 350°C are very similar. However 
there is a reduction in the forward current of the diodes as the form ation tem per­
ature increases which can be a result of an increase in the defect states of the bulk 
a-Si:H at higher tem peratures. These states behave as traps for the carriers and 
reduce the current density. In section 2.2.2 we showed th a t the m etastable states 
formed at tem peratures up to «  150°C can be recovered by cooling down the 
sample bu t above 150°C it is possible th a t irreversible states are formed. In the 
presence of surface states the Fermi level is pinned at a constant value defined by 
the density of surface states of the semiconductor. Therefore the barrier height 
is independent of the choice of the Schottky m aterial. However, in the Cr/a-Si:H  
system the silicide phase does not change by annealing below 300° C (chapter 
5), therefore, the barrier height of the a-CrSi2 /a-Si:H  should rem ain unchanged 
regardless of the thickness of the silicide.
For the as-deposited samples the reverse current shows a strong dependency of 
reverse voltage. This is due to the leakage current around the periphery of the 
diode. As a result the ideality factor is higher for this diode.
The barrier height and the ideality factor of the samples prepared a t 400° C are 
considerably different from those of the samples prepared at lower tem peratures 
which is a result of the formation of a crystalline silicide phase on a-Si:H. However 
the interface states do not allow the barrier height to be substantially different
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from the barrier a t lower tem peratures. The barrier height for Cr/c-Si system is 
fra 0.57-0.67 eV [58].
Two different regimes can be distinguished in the J-V characteristics of the Schot-
described below.
At low forward voltages the characteristics are plotted in figure 6 .2 . The linear 
curves in the semi-log scale indicate the exponential behaviour of the Schottky 
contact a t forward voltages up to about 0.25 V. Therefore it can be concluded 
th a t at low voltages the dom inant process in conduction is diffusion or therm i­
onic emission (section 2.7) for the samples annealed below 300°C. The samples 
prepared a t higher tem peratures, however, do not show the simple exponential 
current-voltage relation.
The characteristics a t higher voltages (0.3 V <V y < 2 V) are shown in figure
6.3 in a log-log scale. The excellent linear fits to the curves indicate th a t there 
is a power law relation between current density and voltage a t higher forward 
voltages (J oc Vm ). This behaviour is consistent with the space charge limited 
(SCL) current. The current-voltage relation for the SCL current in an a-Si:H 
Schottky diode is given by the equation [103]
where Nc is the effective density of delocalized conduction band states, k the 
Boltzmann constant, es the dielectric perm itivity and L the thickness of the 
a-Si:H layer, T^ (>T ) the characteristic tem perature of the SCLC effect and 
£ =  Tt / T  . N 0  is a param eter related to the concentration of trap  states in a-Si:H. 
The concentration of traps is assumed to be an exponential function of the energy 
level defined by
tky contacts under forward bias: low voltage and high voltage regime. These are
(6.1)
(6.2)
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Fig. 6.2. Exponential behaviour of J-V characteristics of the a-CrSi2 /a-Si:H  
Schottky diodes.
£
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Fig. 6.3. The effect of SCL current in the a-CrSi2 /a-Si:H  Schottky diodes.
From figure 6.3 a value of the exponent (m) of about 2.7 is obtained. Therefore 
£ =  1.7 and T^ ^  510 K for the a-CrSi2 /a-Si:H  Schottky diodes.
At higher voltages (2 V < V j  <  5 V) the current increases more rapidly with 
voltage and the characteristics are fitted to exponential functions (figure 6.4). 
This behaviour is consistent w ith the hole injection to the space charge region, 
since at higher forward voltages the lowering of the barrier height for holes be­
comes considerable. Therefore the current component due to the hole injection 
becomes considerable.
In the forward direction the effect of therm ionic field emission is negligible at 
room tem perature since a-Si:H is not highly doped and the field is not large 
enough (section 2 .6 ).
In figure 6.5 a model for the band diagram  of the a-CrSi2 /a-Si:H  heterojunction 
is proposed. This model is based on the assumption th a t a-CrSi2  is a p-type 
degenerate semiconductor [117] whose Fermi level lies ju st below the edge of 
valence band (section 2.4). Since a-CrSi2  is a metallic like semiconductor with 
a low resistivity the depletion layer in the silicide is extremely narrow and the 
band diagram is the same as figure 6.5i>. The model suggests th a t if the barrier 
height for electrons is high enough the barrier height for holes becomes low and 
the phenomenon of hole injection and conductivity m odulation of the undoped 
amorphous silicon can occur at lower voltages. In fact this is the case and as we 
can see in figure 6 . 1  th a t in some cases the reduction in the reverse current and 
a higher barrier height to  electrons is accompanied by an increase in the forward 
current. The criterion for significant hole injection to take place is th a t the bar­
rier height m ust be higher than  half the band gap of the semiconductor [35]. The 
lower lim it for a-Si:H systems is $ Bn >  0.9eV. Therefore, in our CrSi2 /a-Si:H 
system with Bn & 0.9eV, the phenomenon can take place a t low voltages and 
effect the J-V characteristics.
99
Fig. 6.4. 
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Fig. 6.5. Schematic band diagram  of a metal-like a-CrSi2 /a-Si:H  heteroj unction
(a) before the contact, and (b) after forming the contact. (NBGDPS =  Narrow 
band gap degenerate p-type semiconductor)
An oxide layer formed at the interface and on top of the surface m etal layer can 
also effect the J-V characteristics. As we can see at tem peratures 350 and 400°C 
the ideality factor increases. This may be partly  related to the form ation of the 
other silicide phases (section 4.6). In addition the formation of a thicker interfa­
cial oxide layer after higher annealing tem peratures may cause the barrier height 
and ideality factor to change. Oxide growth on top of the Cr influences the series 
resistance of the contact.
In the reverse direction, the current density increases w ith increasing applied 
voltage. At higher biases the electric field is high and the current is determined 
by thermionic field emission. A strong dependency of the current density on the 
reverse voltage is sometime observed. This is because the silicide layer is very 
th in  especially for the as-deposited sample (d <  1 0 A) and there is a high electric 
field around the periphery.
-1.7 eV Ef2
Ef
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6.3 Bias-anneal treatment
An experiment was carried out to investigate the effect of simultaneous 
annealing and biasing the Cr/a-Si:H  system on the physical and electrical prop­
erties of the interface. One aim of this experiment was to determine whether the 
electric field plays a role in the form ation rate  of the amorphous silicide. Masaki 
et al have proposed a model based on electric-fields at the m etal/a-silicon con­
tacts to explain the growth of chromium silicide [80, 73]. They have concluded 
th a t the intermixing of chromium and silicon in the Cr/a-Si:H  system continues 
until the electric field, due to the difference in the electronegativities of the two 
elements, becomes negligibly small. This model will be checked in this experi­
ment. The experiment can also provide reliable information about the effect of 
high tem perature performance and the stability of the interlayer under different 
working conditions. For example it can tell us whether or not the composition of 
the interlayer silicide is changed by applying a bias. This experiment is referred 
to as the bias-anneal experiment.
6.3.1 P re p a r a t io n
For the bias-anneal experiments several experimental steps had to be de­
vised in order to prepare the special samples needed. The thickness of a-Si:H 
layer was 2 p m and the area of each sample was big enough for an RBS analysis 
(typically 4x10 mm ). In the first step, the samples were masked and etched 
so th a t the back contacts became accessible for biasing. If we remove the top 
metal, interlayer silicide and a-Si:H from the unshaded area in figure 6 .6 (a) the 
back contact will appear. The resulting sample is not yet suitable for further 
processing, however, because the top and back contact m etals a t the edges or a t 
the interface line can easily become short circuited in handling or during further
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experimental work. To overcome this problem another mask is used, such as the
Back Cr Top Cr
■
glass i a-Si:H
Back Cr Top Cr Back contact Top contact
(a) (b) (C) (d)
Fig. 6 .6 . Sample preparation for the bias-anneal experiment: (a) silicide and 
a-Si:H are etched from the unshaded area, (b) metal and silicide are removed 
from the unmasked area, (c) final plan view of the sample with a non-conductive 
gap between the top and bottom  Cr layers, (d) cross section of the sample.
mask shown in figure 6 .6 (b). If only the Cr and the silicide layers are removed 
from the unmasked area an appropriate sample is obtained. Now there will be 
enough separation between the top and bottom  contacts. For external contacts, 
metallic wires were attached to the top and back surfaces using silver dag. The 
plan view and cross section of the resulting samples are shown in figure 6 .6 (c) 
and 6 .6 (d). For a stable and highly conducting contact, the silver dag needs to 
be dried at a tem perature of 120°C for about 15 minutes. Cooking a t this tem ­
perature does not effect the properties of the interlayer silicide.
The samples were annealed in a nitrogen am bient at 200° C for 30 minutes us­
ing the electric furnace while an appropriate bias was applied to their terminals. 
Two different kinds of bias were used in the experiments: reverse bias and con­
stan t current forward bias. The circuits for these experiments are shown in figure
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6.7. A resistor R  (=  330^ ) was used to  m onitor the diode current during the
R (330 kl)
-^A/W-
Vin e -Va Z\ D ©
R (330
-A V v —
" O '
Va
D V © Vd
(a) (b)
Fig. 6.7. The circuits used for the bias-anneal experiments (a) reverse bias and
(b) constant current forward bias.
experiment.
6.3.2 O b se rv a t io n s  a n d  re su lts
In all cases the reverse current during reverse bias-annealing continuously 
increases with time. Figure 6 . 8  shows the changes found in the reverse current 
of a sample with 6  volts reverse voltage during annealing a t 2 0 0 ° C and after 
cooling down. These curves are typically observed in this experiment. In some 
cases sharp fluctuations were observed in the reverse current which was due to 
the instability and lifting the contacts during the experiment. The increase in 
the reverse current during annealing is due to the formation of m etastable states 
in the a-Si:H layer (figure 6 .8 ). W hen a current is applied to  the contact it is 
possible to transfer extra heat to it, therefore the contact can be over-stressed 
and result in wrong interpretation of the results. To check this phenomenon at
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the end of each experiment and before cooling the furnace the bias was removed 
for a few minutes to  elim inate the heating due to  the bias. The supply was then 
connected again and the current was measured immediately. It was observed th a t 
the current before and after removing the bias was always similar. This confirmed 
th a t the contact was not over-stressed by applying a forward or reverse current.
(a) (b)
Fig. 6 .8 . Typical changes in the reverse current during annealing a t 200°C (a) 
and cooling period (b).
Figures 6.9 and 6.10 show the J-V characteristics of two series of samples before 
and after the bias-anneal treatm ent. The treatm ents carried out on the samples 
are summarised in table 6.2. The first series (figure 6.9) was prepared without 
using all the steps outlined in figure 6 .6 , therefore, in some cases the effect of 
leakage current was considerable (not shown in the figure).
In table 6.2 the barrier height and ideality factor measurements on each of the 
samples are summarised. The param eters are similar to those obtained in the 
anneal experiment (section 6 .2 ). Slight differences, however, are the result of the
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(jiuO/V) Al!SU9Q [usjjno
Fig. 6.9. Effect of bias-anneal experim ent on J-V characteristics of the Cr/a-Si:H  
contact (wafer 5026/12). For treatm ents see table 6.2.
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(oio/v) Ajisuep [uejjno3
Fig. 6.10. Effect of bias-anneal experiment on J-V characteristics of the C r/a- 
Si:H contact (wafer 5026/9). For treatm ents see table 6 .2 .
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different structures of the diodes. Particularly, the thickness of the a-Si:H layers 
and the geometry of the samples are different for the two sets of samples. The 
thickness of the i-layer of the diodes used in the anneal and bias-anneal exper­
iments are 1 and 2 pm ,  respectively. Before starting  the treatm ent the barrier 
height and the ideality factor of the samples were measured. The large ideal­
ity factors in some cases are due to the leakage current around the edges of the 
sample. This problem was overcome by using the structure proposed in figure 
6.6.
The results show th a t the experiment has some effects on the diode character­
istics. After the bias-annealing treatm ent all the diodes had a similar ideality 
factor and barrier height (table 6.2). In section 6.2 the effect of annealing w ithout 
biasing the diodes was studied. Compared w ith the anneal experiment, the bias- 
anneal experiment has a similar effect on the ideality factor and the value of 
about 1 . 1  is obtainable for the Schottky diodes. These two experiments have also 
the same effects on the barrier height. We can see th a t a constant barrier height 
of about 0.95eV has been obtained for the samples under different conditions. 
The difference in barrier heights obtained from the two experiments is from the 
different structures used.
It was found th a t the same features in the J-V  characteristics explained in section
6 . 2  could also be observed in these samples. At low applied biases (V <  0.3 V) 
the characteristics are exponential and a t higher voltages (V >  0.3 V) they fol­
low a power law relation with a similar exponent as obtained before, confirming 
the presence of space charge limited current. Similar ideality factors and barrier 
heights were obtained for the samples w ith constant currents under forward bias 
(2.5 or 7.5 m A /cm  ) flowing through their term inals while they were annealed. 
After the treatm ent the samples were also analysed by RBS to check the concen­
tration  of Cr in the interlayer silicide. However, the Cr concentration was the
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Table 6 .2 . Barrier height and ideality factor measurements before and after the 
bias-anneal experiment.
CrSi2/a-Si:H
diode
before treatment treatment after treatment
J0 (Acm 2) (eV) n anneal bias JD (Acm 2) (eV) n
246 2.5xl0-9 0.93 1.2 2 Vr 2.8xl0~9 0.93 1.05
247 1.2xl0“9 0.95 1.1 4Vr 1.8xl0-9 0.94 1.1
248 1.2xl0~9 0.95 1.2 no bias 1.2xl0“9 0.95 1.1
249 1.5xl0“9 0.95 1.7 4 Vr 1.5xl0~9 0.95 1.1
315 7.5xlO~10 0.96 1.24 6 V,. 2xl0~9 0.94 1.2
317 1.3xl0-9 0.95 1.24 4 V, lxlO-9 0.96 1.1
318 7xlO-10 0.97 1.21 2 V,. 1.8xl0“9 0.94 1.1
319 l.lxlO-9 0.95 1.3 7.5mA/cm2 1.0xl0“9 0.96 1.15
322 1.4xl0-9 0.95 1.30 2.5m A/cm2 l.OxlO"9 0.96 1.1
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same as the concentrations obtained in chapter 4 for the same annealing con­
ditions. This confirms th a t the bias treatm ent does not change the phase and 
composition of the silicide.
The above results clearly show th a t changing the electric field at the interface of 
Cr/a-Si:H  does not effect the reaction of chromium with silicon and the properties 
of the resulting silicide. This is in contrast w ith the model proposed by Masaki 
et al [73, 80].
6.4  C o n c lu s io n
In conclusion, we have shown th a t the formation of CrSi2 /a-Si:H  Schot­
tky contact a t different tem peratures below 300°C has had some effects on the 
electrical properties of the resulting contact. For the best diodes a barrier height 
of fra 0.9 eV and an ideality factor fra 1.1 can be obtained after heat treatm ent. 
Under forward bias the current is determ ined by thermionic emission or diffusion 
mechanism a t low voltages bu t it becomes space charge limited current a t higher 
voltages. Applying a reverse voltage or a constant forward current to  the C r/a- 
Si:H barrier during heat treatm ent does not change the electrical properties of the 
Cr/a-Si:H  interface and the behaviour is controlled only by the heat treatm ent 
history of the sample. The difference in the barrier height of the samples used 
for the anneal (4/? fra 0.9eV) and the bias-anneal experim ents(4 g  fra 0.95eV) 
is mainly from the difference in the dimensions of the samples and the leakage 
current.
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C h a p te r  7
In this chapter the interfacial reactions between two other transition metals 
Mo and Co and a-Si:H are studied a t low annealing tem peratures using the same 
techniques as above and the results are compared with those from the Cr/a-Si:H  
system.
7.1 T h e  M o / a -S i :H  S y s te m
For the M o/a-Si:H system the absence of Mo-silicide in as-deposited samples 
has been reported, while annealing above 150°C can cause interdiffusion and si­
licide formation [94].
In this study, the excess unreacted Mo was etched using the Mo etching solution 
described in chapter 3.1. H eat trea tm ent was carried out in a nitrogen ambient a t 
200, 250, 300, 350, and in some cases 400 and 450°C. In a few cases the samples 
were annealed in vacuum for comparison. Unannealed samples were used as ref­
erences. Since the heat treatm ents of the Mo and Cr systems were identical, 
a useful comparison of the properties of the M o/ and Cr/a-Si:H  systems was 
possible.
7.1.1 S h ee t re s is tan ce
The reaction between Mo and a-Si:H and the effect of different annealing 
condition have been studied by analysing around 1 0 0  different samples.
In figure 7.1 the changes in sheet resistance of the interlayer versus annealing
T h e  p r o p e r t ie s  o f  th e  in te r fa c e  o f  a -S i:H  w ith  M o  a n d  C o
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tem perature is plotted. I t is seen th a t the sheet resistance of M o/a-Si:H inter­
layer is higher than  the sheet resistance in the Cr system. The sheet resistance is 
about 28000 £?/□ for the as-deposited samples and drops to fra 17000, 12000, 8000 
and 5000 £?/□ for the samples annealed at 200, 250, 300 and 350°C respectively. 
No increase in the sheet resistance w ith annealing tem perature is observed upto 
350°C. This is different from the Cr/a-Si:H  system in which the sheet resistance 
increases after annealing at 350° C. It is therefore thought th a t the silicide phase 
does not change below 350°C. On the other hand a silicide layer is formed even 
w ithout a heat treatm ent.
Compared w ith the Cr/a-Si:H , the M o/a-Si:H  system seems to be much more de­
pendent on the preparation conditions. The results of figure 7.1 are from similar 
deposition conditions. If another machine is used the results could be different. 
For example the results of the measurements on the samples annealed in vacuum 
show th a t the sheet resistance is some half and the surface density is about twice 
the values obtained above. However, the trend of curves are similar in all cases. 
It is thought th a t the reaction of Mo with a-Si:H is mainly controlled by the sub­
stra te  and the preparation conditions, therefore the reaction is less predictable. 
The effect of a  surface treatm ent of the a-Si:H by argon sputtering before de­
position of the Mo layer was also studied. In contrast with the Cr system the 
measurements show th a t a reaction takes place a t the interlayer even after the 
treatm ent and an interlayer silicide is formed. However, compared with the 
samples w ithout surface treatm ent the sheet resistance is considerably higher. 
The sheet resistance of the sputtered samples is fra 230000, 77000, 40000, 14000 
and 8000 £?/□ for the as-deposited, 200, 250, 300 and 350°C annealing, respect­
ively (figure 7.2). A t higher tem peratures the sheet resistance tends to  approach 
the same value irrespective of surface treatm ents.
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5.0 (/)
Fig. 7.1. Sheet resistance of the Mo silicide and surface density of Mo atoms vs. 
annealing tem perature after 1 hr annealing time. The bars at each point indicate 
the spread over approxim ately 3 different substrate layers.
Annealing Temperature (C)
Fig. 7.2. Sheet resistance and Mo surface density of sputter cleaned samples 
versus annealing tem perature. Annealing tim e is 1  hr in all cases.
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Since the interaction is dependent on the interface, it was difficult to obtain re­
producible results about the effect of annealing time. However, for the sets of 
samples from similar substrates it was possible to obtain consistent results. For a 
series of samples from the same wafer, for example, the sheet resistance decreases 
from 18000 to 13100, 12700, 11800 and 11500 fi/ffi from unannealed to  5, 10,40 
and 80 minutes annealing a t 200°C. At 300°C, the values of 9100, 8100, 7200 and 
7000 k l / n  were obtained for the same annealing times (figure 7.3). The shapes 
of the curves are similar to  those obtained for the Cr system.
Fig. 7.3. Sheet resistance of the Mo silicide versus annealing time.
7.1 .2  M o  su rfa c e  d e n s ity  in  th e  s ilic id e
In figure 7.1 the average surface density of the Mo in the M o/a-Si:H in­
terlayer is shown versus annealing tem perature. As mentioned earlier the values 
are reproducible if the interfaces are similar. According to the results, the Mo
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surface density is «  1.55, 1.8, 2.2, 3.2 and 5 x IO1 5  M o/cm 2  in the as-deposited 
samples and the samples annealed a t 2 0 0 , 250, 300 and 350 °C, respectively. For 
the spu tte r cleaned samples the surface density is ps 1.45, 1.8, 2.3, 2.7 ln d  4.5
i K O
x 10 M o/cm  , respectively (figure 7.2). It is clear th a t the increase in the Mo 
content is accompanied by a reduction in the sheet resistance of the interlayer in 
both  cases. W hile the surface trea tm ent has not altered the Mo concentration 
significantly, it has made a m ajor difference to the sheet resistance. The higher 
sheet resistance might be from the onset of crystallization of a-Si:H and the in­
terlayer. On the other hand the resulting silicide from the reaction of the Mo and 
sputtered a-Si:H may contain a large am ount of traps which result in the increase 
in its resistivity. It is also likely th a t the silicide layers are not continuous (section 
7.1.3.1).
7.1 .3  D is c u ss io n
7.1 .3 .1  T h ic k n e ss  a n d  c o m p o s it io n  o f  th e  M o  s ilic id e
The surface density of Mo (excluding the samples with surface treatm ent) 
is plotted against the inverse sheet resistance in figure 7.4. Although the spread 
in the results is much greater in the M o/a-Si:H system, the reasonably good linear 
fit to the da ta  implies th a t, ju st as in the Cr/a-Si:H  system, the silicide phase 
remains unchanged by annealing below 350°C, irrespective of the substrate used. 
The non-zero offset, on the other hand, means th a t there are Mo atoms th a t do 
not contribute in the conduction process. These atoms are most probably from 
an oxide layer th a t forms at the interface.
Using the same assumptions m ade for the Cr/a-Si:H  system and repeating the 
calculations in section 5.1, a relation between silicide thickness, m etal surface 
density and silicide composition is obtained. Assuming the silicide is of the
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form MoSty and substitu ting NA/ 0= 6 .42x10 and N £ j= 5 x l0  a t/cm  [106] 
in equation 5.1 we obtain
10JV? ( 1 + x )2
ds =  ,„M ° K -A) (7.1)
5  (6.42 +  5a) v ; v ’
where N +  is the Mo surface density in 107® M o/cm 2. This equation is plotted 
in figure 7.5 for different composition of Mo silicides.
Fig. 7.4. Mo surface density versus inverse sheet resistance in the M o/a-Si:H 
system.
On the other hand the calculations based on the specific gravity (density) of the 
silicide in section 5.1 for the Mo silicide result in,
1 NIjt i
P ~  3  x Ar x (96 + 28a;) gm /cm  (7.2)
d ™Avo
The equations 7.1 and 7.2 can be used to calculate the silicide composition assum­
ing th a t its thickness is known. The thickness of the Mo silicide was measured
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by TEM  and Auger measurements. TEM  measurement on a sample annealed a t 
250°C for 1  hour w ith a Mo surface density of «  5 x 101 5  M o/cm 2  was carried 
out. The sheet resistance of the layer was 4000 £//□ . The cross sectional mi-
Fig. 7.5. Relation between Mo surface density, silicide thickness and composition
crograph of the interlayer is shown in figure 7.6. The TEM  m icrograph confirms 
th a t the thickness of the silicide layer is around 25 A. Substituting the obtained 
value of thickness in equation 7.2 and plotting the curve of density against the 
ratio  of Si to Mo in the silicide (x),  figure 7.7 is obtained (solid line). In this 
figure also the density of some known crystalline Mo silicides are shown (broken 
line). The closest composition of the silicide is therefore MoSi2  w ith a density
O
of ~  6  gr/cm  . In fact a t the interface of some refractory m etals w ith silicon 
the only silicide phase formed is the disilicide. In table 7.1 these metals
and some properties of the resulting disilicides are summarised. Mo and Cr are 
amongst these metals. This is very im portant because it guarantees th a t the
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Fig. 7.6. The TEM cross sectional micrograph and diffraction pattern of a Mo 
sample annealed at 250°C.
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Table 7.1. Properties of disilicides formed at the interface of metal/c-Si systems 
in which the only observed phase are disilicides [17, 24].
disilicide
formation
temp.(°C)
resistivity
(/Ahem)
growth
formula
activation 
energy (eV)
behaviour
VSi2 600 34.13-59.64 t  and i 1 / 2 2.9, 1.8 metallic
NbSi2 650 22.01-39.15 metallic
TaSi2 650 20.2-40.1 metallic
M 0 S12 525 12.6-16.9 t 3.2 metallic
W Si2 650 11.9-12.9 t  and t 1 / 2 3 metallic
CrSi2 450 350-800 t 1.7 semiconducting
5600-9000 (thin film)
silicide composition is not changed during further processings.
The Auger signals of the sample annealed at 250°C for 1 hour (the same sample 
used for TEM  measurements) are shown in figure 7.8. Since the thickness 
of the silicide layer is estimated to be lower than the depth resolution of AES 
technique, the composition and thickness can not be determined from the Auger 
signals. However assuming the silicide is of the form of MoSi2  the measured Mo 
surface density from AES (correspond to the area under the Mo signal in figure
7.8 with a ps 60% correction due to preferential sputtering of Si (section 4.5jthe 
thickness of MoSi2  is determined to be about 25 A.
The diffraction pattern of the Mo/a-Si:H interface obtained by TEM  is also shown 
in figure 7.6. Just as for CrSi2 , there is no trace of crystalline structures in the 
pattern which confirms that the MoSi2  layer is amorphous.
Using the value of sheet resistance the resistivity of a-MoSi2  is about 1000 p Q c m .  
The resistivity of crystalline MoSi2  is much lower and its behaviour is metallic. 
It has been reported that the Mo silicide is not continuous and there are a number
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Si/Mo ratio
Fig. 7.7. A  graph for calculating the composition of the Mo silicide using the 
density.
Fig. 7.8. Auger signals of a sample annealed at 250°C.
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of pits through the interlayer surface [21, 56]. The formation of pits has also been 
observed in Al/a-S:H contact after annealing at 170°C and above. The number of 
pits and their distribution depends on the annealing temperature [118]. The pits 
results in an increase in the sheet resistance of the layer. The formation of pits 
has not been observed in our Mo/a-Si:H system and the MoSi2  layer is uniform. 
This is confirmed by the TEM  micrograph (section 7.1.3.1). The top surface of 
the sample is oxidised after being left in air for a long time if the Mo layer is 
not removed from the surface. The oxidation of Mo result in brown patches on 
the surface. However, for the etched sample with only a silicide layer on top no 
oxidation takes place.
7.1.3 . 2  Silic idation  activa tion  energy
Using the equation for the diffusion mechanism described in section 5.2 
for the Mo/a-Si:H, the activation energy of silicidation in the Mo/a-Si:H system 
can be obtained.
o — / A E
d  =  A  x  t  =  A a e x p (  s )  x t  (7.3)
kJ-a
The thickness of MoSi2  was calculated using the value of resistivity obtained in 
section 7.1.3. 1  and the values of sheet resistance in figure 7.1. Equation 7.4 can 
be rewritten as
l n d = f f n ( A 0 t ) ~ ^  (7.4)
Since the annealing times for all these samples are equal (t =  1 hour), a graph of 
thickness versus inverse annealing temperature should yield a straight line whose 
slope defines the activation energy. This graph is plotted in figure 7.9 with a 
good linear fit to the data.
From the slope the activation energy of silicidation in the Mo/a-Si:H system is
 1 A O
calculated to be about 0.4 eV and the prefactor (A 0) about 2 x 10 cm /s.
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Fig. 7.9. Thickness of MoSi2  versus annealing temperature in the Mo/a-Si:H 
system.
Compared with the Cr system the activation energy and the prefactor are lower. 
While the lower activation suggests that the reaction must be faster, the lower 
prefactor means that the number of active sites available for the interaction is 
much lower. As mentioned in section 5.4, the interdiffusion in a-Si:H is thought to 
be achieved through interstitial sites. Therefore, the atomic number of metallic 
atoms may play a role in the interstitial reaction. The thickness of MoSi2  is very 
low, some angstroms, however, the good linear fit in figure 7.9 suggests that the 
growth of silicide is well defined by a diffusion mechanism.
7.1.3.3 S tab ility  o f the M o  silicide
Similar experiments used to examine the stability of Cr/a-Si:H interface 
were carried out to study the stability of the Mo/a-Si:H interlayer. Different 
samples were treated twice and the sheet resistance was checked. In table 7.2 
the results are summarised. As shown in the table, the selectivity of the etching 
process is acceptable and the silicide is reasonably stable. However, the stability 
of the interlayer formed at 2 0 0 ° C is more questionable.
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Table 7.2. The effect of two step treatment on the properties of the silicide
R a (ft/n ) R q ( « / □ )
M o/a-S i:H  sam ple 0 , r  . T reatm ent
beiore treatment after treatment
sample 1 0 1  (300°C/1 hr) 7100 5 minute etching 8100
sample 102 (300°C/1 hr) 6550 300°C/1 hr 6500
sample 103 (200°C/1 hr) 14000 300°C/1 hr 2 1 0 0 0
7.1.4 P rop erties  o f the M o S i2 /a-Si:H  Schottky barriers
In this section samples consisting of arrays of Mo/a-Si:H Schottky diodes 
with the structure of figure 3.1 are used to investigate the electrical properties 
of the MoSi2 /a-Si:H contact and the effect of heat treatment. The area of top 
contact of each diode was p s 1 6 0 x 1 6 0  p m  .
In figure 7.10, the J-V characteristics of the MoSi2 /a-Si:H Schottky diodes for 
the samples annealed at different temperatures up to 400°C are plotted. The 
barrier height and ideality factor of these samples are summarised in table 7.3. 
The barrier height is nearly constant with a value of 0.93T0.03 below 350°C 
which is slightly more than the value obtained for Cr/a-Si:H diodes. However, 
as described in section 6 .2 , due to the presence of surface states the barrier is 
pinned and the barrier height is relatively independent of the Schottky material. 
An ideality factor ps 1 . 2  or less is obtained in this system. According to the results 
the a-MoSi2 /a-Si:H Schottky contact after different heat treatment conditions is 
also stable.
123
Just as with the Cr/a-Si:H diodes there are two different region in the J-V char­
acteristics. A t low applied voltages ( V j  <  0.25 V ) the characteristics follow ex­
ponential curves indicating the dominant effect of thermionic or diffusion theory. 
Above 0.3 V  the characteristics of the diodes prepared below 350°C are well fitted 
to power law curves (J ~  V m ) described in equation 6 . 1  confirming the effect of 
space charge limited current (figure 7.10). The exponent m  for the MoSi2 /a-Si:H 
has an average value of m 3 .2+0.3. The value of the characteristic temperature 
(T / ) (equation 6 .1 ) for this system is therefore ^  600 I<. Other effects such as the 
effect of an oxide layer, leakage current and the effect of thermionic-field emission 
in the reverse direction, described for the Cr/a-Si:Ii system (section 6 .2 ) can also 
be observed in the Mo/a-Si:H.
Table 7.3. Barrier height and ideality factor measurements after heat treatment.
MoSi2 /a-Si:H
diode
J0  (Acm 2 ) $>B (eV) ideality
factor
as-depo a x i o - 1 0 0.96 1 . 1
200° C/1 hr 1.65xl0-9 0.94 1.15
250° C/1 hr 3x l 0 - 9 0.93 1 . 2
300° C/1 hr 6  x lO - 9 0.91 1.25
350°C/1 hr l x l O - 8 0.90 1.4
400° C/1 hr 5x l 0 ~ 8 0 . 8 6 2
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Fig. 7.10. J-V characteristics of the MoSi2 /a-Si:H Schottky diodes.
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7.2 Co/a-Si:H
Cobalt disilicide is used widely in silicon integrated circuits and has the 
lowest resistivity of all the silicides. Resistivities of psIO pQcm for the epitaxial 
and 15-18 pQcm for polycrystalline films have been reported [119, 33]. Unlike 
Cr and Mo reactions with Si, the first silicide phase that appears in crystalline 
Co/Si system is C 0 2 SL Further annealing at longer time and/or higher temper­
ature leads to the formation of CoSi and finally CoSi2 - The growth of Co2 Si and 
CoSi in crystalline silicon are initially linear in time and then proceed with t 1 / 2  
[119]. In table 7.4 some useful information regarding the formation temperature, 
activation energy of silicidation and resistivity of Co silicides are summarised.
7.2.1 Physica l p roperties o f  Co/a-S i:H
We have found that compared with Cr and Mo, Co has a higher tendency 
to react with Si in a-Si:H. The reaction takes place more easily and quickly even 
at temperature of 200° C. On the other hand, the reaction between Co and a-Si:H 
is strongly affected by the presence of surface oxides and oxygen in the annealing 
ambient. However, if the furnace is free of oxygen the reaction of all Co atoms is 
possible at low temperatures.
An interesting aspect is that in the presence of oxygen the sheet resistance of 
the interlayer is not predictable. Experiments showed that samples with large 
amounts of oxygen had sheet resistances comparable to the oxygen-free samples. 
RBS measurements showed that for these samples the oxygen and cobalt are at 
the surface and silicide is under the surface. For example in figure 7.11 the RBS 
signals of a sample annealed at 250°C for 1  hour are shown. From the figure it is
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Fig. 7.11. RBS signals from a Co/a-Si:H sample (sample 282) annealed at 250° C 
for 1  hour showing the formation of a C 0 2 O 3  layer at the surface.
obvious that a cobalt oxide layer is formed on the surface and prevents the reac­
tion of Co and silicon. This oxide layer whose composition is close to C 0 2 O 3  is 
possibly amorphous and does not show insulating behaviour since the sheet resist­
ance of the layer is only £>1600 f 2 /D. The thickness of this layer is ~  1 0 0 0  A  and 
its resistivity is «  16 mQcm. The surface cobalt oxide could not be etched by 
the cobalt etching solution (section 3.1). Due to this fact the sheet resistance is 
not a reliable measure for the cobalt-silicon interfacial reaction. Surface density 
of cobalt is a better value to quantify the reaction.
In order to improve the Co reaction with a-Si:H, the heat treatment on some 
samples was carried out in a high vacuum ambient. The surface density of Co 
against annealing temperature is shown in figure 7.12 after etching off the excess 
metal. This figure indicates that the Co content increases as the annealing 
temperature is increased. Also the increase in the annealing time will cause an 
increase in the Co surface density. In figure 7.13 the square of the surface density 
of cobalt is shown to be linearly dependent on annealing time. Assuming that 
the silicide phase does not change in the range of the annealing temperature and
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annealing temperature (°C)
Fig. 7.12. Surface density of Co at the interface of Co/a-Si:H system versus 
annealing temperature. The samples were annealed in vacuum for 30 minutes.
Fig. 7.13. Square of the surface density of Co at the Co/a-Si:H interface versus 
annealing time. The samples were annealed at 200°C in vacuum.
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time used, the surface density is proportional to the thickness of silicide. It is 
therefore concluded that the Co silicide growth follows the diffusion model (Z4 / 2  
law) described in equation 5.8. The offset in figure 7.13 is mainly from the cobalt 
silicide layer formed during the deposition of cobalt. The presence of Co in the 
cobalt oxide has also a contribution in the offset.
It is possible to form a thick layer of Co silicide in the Co/a-Si:H system by 
heat treatment at higher temperatures. For example, for a sample annealed at 
300°C for 1  hour in a nitrogen ambient in the optical furnace, the ratio of co­
balt to silicon concentration in the silicide is about 1  and its thickness is about 
900 A  (figure 7.14). It represents the formation of a cobalt monosilicide (CoSi)
Fig. 7.14. RBS signal of a Co/a-Si:H annealed at 300°C for 1  hour.
layer. The sheet resistance of this layer is about 13 O/D and its resistivity is, 
therefore, estimated to be about 1 2 0  p C lc m .
As mentioned earlier an important feature of the Co/a-Si:H system is the possib­
ility of the formation of different silicide phases. Therefore, in order to determine 
the composition of the silicide below 300° C, this system was also analysed by the
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AES technique. At first it was confirmed that there is a very good correlation 
between the Auger and RBS signals (figure 7.15). However, the measurements
Fig. 7.15. RBS signal of a Co/a-Si:H annealed at 300°C for 1  hour.
by AES result in higher surface densities of Co which is due to atomic mixing 
during sputtering.
The Auger signals of the Co samples annealed in vacuum at different temper­
atures are shown in figure 7.16. These signals confirm that the composition of 
silicide is close to CoSi.
Assuming that the silicide is of the form of CoSi from the Auger signals and using 
the density of Co monosilicide from table 7.4 it is possible to determine the thick­
ness of the Co silicide using the procedure explained in section 5.1. The relation 
between the thickness and the cobalt surface density from RBS measurements is 
therefore d  —  1.63N q  • This equation is compared with the equations for other 
compositions of cobalt silicides in figure 7.17. The line corresponding to CoSi2  
is far from the measured thicknesses by Auger signals, since for example for the 
highest surface density (at 300°C/30min) the thickness is >  70 A. I f  it is the case
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Fig. 7.16. Auger signals of Co, Si and 0  of the samples annealed in vacuum for 
30 minutes.
the Auger signal must be much wider than that shown in figure 7.16. On the 
other hand the concentration of Co is saturated at about 50 percent meaning that 
almost in all cases the thickness is comparable or higher than the depth resolution 
of AES technique. This is not the case for the estimated values assuming C0 2 SL 
Using this qualitative argument which is supported by the AES measurements 
it can be concluded that the silicide is of the form of CoSi with the density
O
about 6 . 6  gr/cm and a resistivity of 120 /if2cm. However the stability of this 
silicide is questionable since there is a possibility of formation of other silicide 
phases during further processing. More work is needed to measure the accurate 
thickness of the Co silicide layer formed in the Co/a-Si:H system.
7.2.2 E lectrica l P rop erties  o f C o-S ilic ide
The electrical properties of the CoSi layer were investigated using the same 
arrays of diodes as in the case of Cr and Mo (section 6 .2 ). The figure confirms that 
except for the diode annealed at 300°C the J-V characteristics are exponential 
at low voltages and then follow the power law functions indicating SCLC current
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Fig. 7.17. Estimation of the composition of silicide using AES results.
with an exponent of fra 2. This behaviour is similar to that of the Cr and Mo 
systems. For the 300°C/30min sample the SCLC current was observed even at 
lower voltages. Figure 7.18 shows the J-V characteristics, the exponential and 
power law behaviour of typical diodes.
The barrier height is about 0.90, 0.87, 0.88 and 0.83 eV for the as-deposited, 
2 0 0 /lhr, 250/lhr and 300/lhr samples, respectively. Again the same barrier 
height as those of the Cr and Mo systems indicates that the barrier height is 
mainly controlled by the surface states of the a-Si:H layer. The ideality factor 
was 1.7, 2 , 1.9 and 5.3 for the as-deposited, 2 0 0 °C, 250°C and 300°C samples, 
respectively.
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Fig. 7.18. J-V characteristics of CoSi/a-Si:H Schottky diodes. The samples 
were etched in 40% HF for 1 minute to remove the silicide layer around the diode 
edges. The exponential (top right) and power (bottom right) behaviour are also 
shown. ^ 2 2
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Table 7.4. Properties of Co silicides formed at the interface of the Co/c-Si 
system [17, 24]
silicide
phase
sequence
formation 
temp. (°C )
growth
formula
activation 
energy (eV)
resistivity
p k l . c m
density
gr/cm2
C o2Si first 350-500 t l/ 2 1.5 1 1 0  (thin film) 7.42
CoSi second 425-500 *1 / 2 1.9 147 (thin film) 6.65
C oS i2 third 550 - - 15 (thin film) 4.95
7.3 Conclusion
The reactions of Mo and Co with a-Si:H were studied and compared with 
the results obtained in the Cr/a-Si:H system. It was found that, similar to Cr, 
these transition metals also form very thin layers of silicide in a-Si:H. The form­
ation of silicide layers in both cases follows the diffusion law (d t1/2). The 
activation energy of silicidation in the Mo/a-Si:H system is «  0.4 eV and the 
prefactor is ^  2x10“ cm/s. The amorphous Mo silicide is stable below 300°C. 
It has the composition of MoSi2  and a resistivity of &  1000 p k lc m . In the Co/a- 
Si:H system a monosilicide (CoSi) layer is formed below 300°C with a resistiv­
ity of 1 2 0  p k lc m  which is considerably lower than the resistivities of CrSi2  
and MoSi2 - The barrier height of the MoSi2 /a-Si:H and CoSi/a-Si:H systems is 
~  0.9 eV which is the same as the CrSi2 /a-Si:H barrier height.
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C h a p t e r  8
In this study the silicide between sputter deposited Cr and PECVD a-Si:H 
was characterised by a variety of techniques. The effect of annealing on the sheet 
resistance of the silicide layer was measured by four point probe and Van der 
Pauw techniques. RBS was carried out to determine the Cr content in the layer 
and the structure and the thickness of the layer was examined by TEM. The 
thickness was also measured by AES and Talystep measurements. Auger signals 
were used to confirm the composition of the layer. Several experiments were 
carried out to check the stability of the silicide layer. The electrical properties of 
the silicide/a-Si:H interface were studied using I-V measurements. Finally other 
transition metals, Mo and Co, on a-Si:H were analysed and the properties of the 
resulting interlayers were compared with the properties of the Cr silicide. The 
main conclusions obtained from this study are summarised as follows
• Annealing below 300°C results in the formation of an amorphous silicide 
only a few nanometers thick with the composition close to «  CrSi2  and a
O
density of fra 4.8 gm/cm .
• The chromium silicide was metal-like with a resistivity of fra 600 p Y l .c m .  
The resistivity was insensitive to annealing and measurement temperatures 
upto about 300° C.
C o n c l u s i o n  a n d  F u t u r e  W o r k
8.1 Conclusion
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• Above re 300°C microcrystallites of CrSi2  begin to appear and there is an 
increase in resistivity of the film. This is probably due to the presence of 
grain boundaries.
• The reaction between Cr and a-Si:H is very reproducible below 300° C and 
the resulting a-CrSi2  is chemically and physically stable.
• The growth of the Cr silicide follows the t 1 / 2  law with an activation energy
 1 O O
re 0.55 eV and a prefactor of about 10 ' cm /s. These values are very 
much smaller than those typically measured for chromium silicide forma­
tion in crystalline systems. The very small prefactor explains why a process 
which has an activation energy as small as 0.55 eV forms layers which are 
so thin. This feature together with the change in time dependence from 
t  for crystalline to t 1 / 2  for amorphous silicide suggest that the mechan­
ism responsible for the formation of the amorphous CrSi2  phase is quite 
different.
• A  Schottky barrier is formed between a-CrSi2  and a-Si:H. The barrier height 
is about 0.89 eV and remains constant irrespective of the formation tem­
perature. An ideality factor of about 1.1 is obtained after heat treatment 
below 300°C.
• At low applied voltages the J-V characteristic is exponential suggesting 
the dominance of the drift/diffusion or thermionic emission mechanism. At 
higher voltages (>  0.3 V ) the effect of space charge limited current is clearly 
observed since the J-V characteristics follow power law curves.
• Simultaneous bias and annealing experiments showed no change in the si­
licide growth rate compared with unbiased samples. The results suggest 
that Masaki’s model based on space charge effects is not correct.
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• In the Mo/a-Si:H system it was found that, just as with the Cr/a-Si:H, 
the silicide layer is an amorphous disilicide and the formation mechanism 
follows the diffusion equation (d ~  t1/2) with an activation energy of about
 14 c\
0.4 eV and a prefactor of 10 cm /s. The resistivity of the amorphous 
MoSi2  layer is about 1 0 0 0  p k l .cm.
• In the Co/a-Si:H system oxygen plays a very important role in the reaction, 
but if the system is free of oxygen a monosilicide cobalt (CoSi) layer with 
a resistivity of ps 1 2 0  p k l .cm is formed.
• The barrier height of both MoSi2 /a-Si:H and CoSi/a-Si:H Schottky barriers 
is about 0.89 eV which is the same as the barrier height of the CrSi2 /a-Si:H 
diodes. This confirms that the barrier height is essentially controlled by the 
interface states of a-Si:H and is independent of the choice of the Schottky 
material. An ideality factor less than 1.2 can be obtained for these systems.
8 . 2  Future W ork
In this work the reaction of metals and hydrogenated amorphous silicon 
was studied in detail and a good understanding regarding the physical and elec­
trical properties of the interlayer was obtained. Based on the results some im­
portant issues should be tackled in future. These issues are outlined below.
• The role of hydrogen in the growth mechanism of the amorphous silicide 
should be studied. We have carried out a large number of experiments 
to investigate the effect of hydrogen on the reaction mechanism, however, 
the results of these experiments were not included in this thesis. These 
experiments need to be completed.
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• Efforts should be made to characterise the reaction of other transition 
metals with a-Si:H and find out common features of transition metal/a- 
Si:H systems.
• More rigorous examination of resistivity versus temperature should be made 
to determine whether the silicide is behaving as a degenerate semiconductor. 
Since the silicide is amorphous there must be large tails in its density of 
states. The nature of these tails and their role on the electrical properties 
of the silicide should be studied.
• Experiments should be devised that lead to a better understanding of the 
growth mechanism by determining the dominant diffusing species.
• Some work has been undertaken to measure optical properties of a-CrSi2 - 
In future this work should be extended to obtain a good understanding of 
the optical properties of this silicide.
• The transition from amorphous to microcrystalline phase need to be studied 
in more detail. In particular, we would like to be sure what causes an 
increase in resistivity.
• Since the silicide is amorphous, very thin and stable it should have useful 
applications to electronic devices. The possible device applications of these 
very thin layers should be investigated.
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A p p e n d i x  A
Table A .I. Correction Factor for the Measurement of Sheet Resistance with the 
Four-Point Probe [105].
d/s circle dinm d/s a/d «  I
1.0
1.25
1.5 
1.75 
2.0
2.5
3 .0 2.2662 2.4575
4.0 2.9289 3 -1137
5.0 3.3625 3.5098
7.5 3.9273 4.0095
10.0 4. 1716 4 2200
15.0 4.3646 4.388220.0 4.4364 4.4516
40.0 4.5076 4.5120
cO 4.5324 4.5324
a/d *• 2 a/d -  .1 a/d i 4
1.4788
0.9988
1.2467
1.4893
0.9994
1.2248
1.4898
J.7196 1.7238 1.7238
1.9454 1.9475 1.0475
2.3532 2.3541 2.3541
2.7000 2.7005 2.7006
3.2246 3.2248 3.2248
3.5749 3,5750 3.5750
4.0361 4.0362 4.0383
4.2357 4.2357 4.2357
4.3947 4.3947 4.3047
4.4553 4.4553 4.4553
4.5129 4.5129 4.5129
4.5324 4.5325 4.5324
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Table B.l. Electrical Resistivity of Transition Metal Silicides [58].
Element Silicide Resistivity
1 0 ~ Bfhcm
Temperature
(K )
Specifications Ref. 
and Remarks in [58]
2 4  Cr Cr3Si 45.5 5
45.5 293.15 6
35±5 293 19
Cr5 Si3 667 5
114 293.15 6
153 293 19
Cr3 Si2 114 5
80±5 293 19
CrSi 92 300 8
160 700 8
204 1 1 0 0 8
143 5
250 5
143 293.15 6
130±8 293 19
CrSi2 60 300 8
129 600 8
92 800 8
2 0 870 8
>250-1420 293.15 6
250 5
260 5
1420 5
6670 5
914±75 293 19
fra600 RT Thin film 10, 13
27Co Co3Si 129±9 293 19
Co2Si 6 6 . 2 19
CoSi 168 300 8
248 700 8
305 1 0 0 0 8
354 1300 8
150 293.15 6
86±16 293 19
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Table B.l (Cont.)
Element Silicide Resistivity
1 0 - ( lQ.cm
Temperature
(K )
Specifications 
and Remarks
Ref. 
in [58]
CoSi2 64.8 5
64.8 293.15 6
rel8 300 Monocrystal 19
rel4 300 Polycrystal 19
18-25 RT Thin film 1 0
18-20 Metal on polvsilicon 13
25 Cosputtered alloy 13
15 RT Thin epitaxial 18
film on <  1 1 1  >  Si
4 2 M o  MogSi Superconductive <1.3 5
21.5 RT 1 2
21.6±0.7 293 19
Mo5 Si3 45.9±1.2 293 19
MoSi2 2 1 250 62.23 Mo, 32.70 Si, 8
1 . 2  02, and 0.29 C
82 700 Cold pressed 8
and sintered
153 1 1 0 0 8
18 250 62.15 Mo, 34.79 S, 8
0.42 02, and 0.34 C
75 700 Hot pressed 8
145 1 1 0 0 8
198 1400 8
2 1 . 8 293.15 6
21.5 295.15 5
18.9 193.15 5
75-80 1873.15 5
21.6±0.9 293 19
Superconductive <1.3 5
relOO RT Thin him, 10, 13
Cosputtered alloy
re 90 Metal on polysilicon 13
2 0 0 Thin film 17
Si LIBRARY
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